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Foreword

A first request for funding for an upgrade of the SLS was made in January 2014, when a Letter of

Intent (LoI) was submitted by PSI (authors: L. Rivkin and F. v. d. Veen) to the State Secretary for

Education, Research and Innovation (SERI) in order to place “SLS 2.0” on the roadmap for future

Swiss research infrastructures to be financed in the time period 2021 – 2024. This LoI contained a

budgetary estimate of MCHF 83 for the upgrade, of which MCHF 63 was reserved for the accelerator.

In addition, a request for 2.0 MCHF for preliminary studies in the period 2017-20 was included.

The objectives of the upgrade were reported to the PSI Advisory Board in February 2014, which

endorsed the proposal to study the upgrade over the next three years with the SLS machine-physics

and beam-dynamics sta↵.

By 2016, the approximate specifications for the ring performance had been established, promising

a horizontal electron-beam emittance of the order of 100 to 150 pm rad; the time had come for a

concerted investigation to discover the impact this forty-fold improvement in performance would have

on photon science.

The goals of the upgrade of the SLS were prominently featured at the 5th DLSR workshop in

Hamburg in March 2016, with both initial machine design features (A. Streun) and scientific drivers

(overview, P. Willmott; lensless imaging, A. Diaz; and inelastic x-ray scattering, T. Schmitt) being

presented.

Thereafter followed a “Spring Photonics Workshop” in Windisch, Kanton Aargau, in April 2017,

assembling external users, SLS sta↵, and international experts in the fields of imaging, macromolecular

crystallography, heterogeneous catalysis, magnetism, and electron spectroscopy. The workshop was

summarized in a Synchrotron Radiation News article [1].

Presentations outlining the visions of four of the most prominent scientific disciplines at the SLS

(lensless imaging, x-ray computed tomography, resonant inelastic x-ray scattering, and macromolecular

crystallography) were given at the Photon-Science Advisory Board (PSAC) meeting in December 2017,

prior to submission of the science case for the upgrade to the Research Infrastructure Roadmap of

the Swiss National Science Foundation in January 2018. The proposal received the highest rating

from the six independent referees and was also approved by the ETH Board in December 2018. In

December 2020, funding was approved by the Swiss government, immediately before the formal start
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of the project in January 2021.

Detailed discussions between beamline sta↵, the insertion-device and optics groups, and the SLS 2.0

project leaders (H. Braun, P. Willmott T. Garvey, M. Jörg, R. Kobler, and A. Ashton), plus several

smaller topic-specific workshops organized by individual beamlines with their user communities, cul-

minated in an internal workshop in October 2018 in which the immediate and long-term visions of the

beamlines were outlined. These ideas were formalized first in “pre-CDR” documents submitted to the

project in November 2018 and a presentation to the PSAC in December 2018, and secondly, in two

two-day CDR workshops in front of a panel of external experts [2] in April 2019 and September 2020.

The configuration of the lattice was frozen in June 2020. With this in place, a fully developed

beamline CDR could be collated. This document details this process.

Phil Willmott, January 2021
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Chapter 1

Overview

1.1 Summary

The Swiss Light Source (SLS) has been in operation since early 2001. Since its inception, the SLS has

spearheaded groundbreaking research in biomedicine, engineering, and the natural sciences, thanks

in large part to the excellent performance of the underpinning electron accelerator and storage ring

complex. In addition, it has led the world in industrial exploitation, particularly by the pharmaceutical

sector, and spawned numerous new companies, including one of the most successful Swiss-technology

spino↵s, Dectris. For much of this time, the SLS has been a benchmark with regards to how closely

its performance matched the theoretical limits defined by its machine parameters.

From 2006 (when the PSI DUO database was introduced) to the end of 2019, the SLS has been

host to over 45 000 user visits, some 6400 accepted proposals, and approximately 1 100 000 hours of

user beamtime, covering areas as diverse as atomic and molecular science, catalysis/surface science,

environmental and earth sciences, condensed-matter physics, life- and medical sciences, materials and

engineering sciences, and polymeric and soft-matter research. This has culminated in nearly 8000

peer-reviewed publications in the same period, of which well over 30 % have impact factors equal to

or above 8.4 (the present impact factor of Physical Review Letters). More than 7000 macromolecular

structures solved at the three ‘PX’ beamlines have, since 2002, been deposited in the Protein Data

Bank; in the number of deposited structures per beamline per year, the SLS is the world leader, at

120. A further 16 000 structures of protein/ligand complexes have been determined by industry, many

of which have helped the development of drugs under clinical trials to treat ailments such as diabetes,

heart disease, and cancer.

The Paul Scherrer Institute (PSI) is the largest research institute in Switzerland for the natural

and engineering sciences. Its three central ‘grand challenges’ are in human health, energy and the

environment, and matter and materials. They address urgent societal demands in the 21st century,

including clean and low-cost energy generation, delivery, and consumption; a↵ordable, targeted, and

personal medicine to cater to an ageing population; and high-capacity and energy-e�cient information

technology. All these drivers require an understanding of materials, devices, and biomedical systems

on a nanoscale- or atomic level. Breakthroughs will depend intimately on the development of novel,

tailor-made functional materials designed often at many spatially hierarchical levels down to the atomic

–1–
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scale. Such ambitious goals can, however, only be achieved if a palette of suitable diagnostics tools is

available. The next generation of synchrotrons promise to play a central role in this endeavour.

With the advent of the next generation of quasicontinuous short-wavelength light sources, called

di↵raction-limited storage-rings, that yield emittances and brightnesses improved by up to two orders

of magnitude, it has become imperative to upgrade the SLS (called SLS 2.0) in like manner.

The design of SLS 2.0 addresses two central aspects, namely the photon energy range in which

scientific excellence has emerged at the SLS in the last two decades; and the limited real estate of the

facility. Originally, the SLS was designed to concentrate on a ‘sweet spot’ range of energies from 1 to

10 keV, catering for the then known areas of scientific expertize within the Swiss and neighbouring

countries’ scientific communities. These included, among others, electron spectroscopies, nanoscale

magnetism, and macromolecular crystallography. In the two decades since the first users arrived at

SLS, several novel and unanticipated techniques have emerged, in particular in the field of nanoscale

imaging, that, while yielding cutting-edge and sometimes seminal results within the original ‘sweet

spot’ of energies, would gain significantly if this were extended to photon energies of several tens of

keV. An innovation regarding source technology (see Chapter 2), and a simple change in a single

storage-ring parameter, namely the ring energy, from 2.4 to 2.7 GeV, will combine to redefine the

sweet spot of SLS 2.0 to align with the scientific developments at SLS since 2001.

The second facet, that of limited real estate, has been addressed as follows. Brightness is defined

as the spectral flux for a given total emittance (including contributions from both the electron- and

photon beams). Di↵raction-limited storage rings are characterised by their small electron emittance,

provided by the implementation of multibend achromats (MBAs). In turn, MBAs consist of many more

magnet elements than traditional double or triple-bend achromats used in third-generation facilities.

This increased complexity has only become feasible as a result of miniaturization of the magnet-lattice

components. At the SLS, the modest circumference of approximately 290 m has forced the machine

design to be aggressive with regards to focussing optics, in particular the sextupoles. Nonetheless,

an improvement in brightness of approximately 24 has been achieved from the machine design solely

through the reduction in horizontal electron emittance.

SLS 2.0 will also increase the brightness through the increase in storage-ring energy, plus novel

developments in undulator technology, increasing the spectral flux in some cases by two orders of

magnitude. This is achieved by increasing the undulator lengths and reducing the ID periodicity and

minimum gap size, resulting in high-K devices. Importantly, these innovations in source technology

apply across the entire photon range of interest, including the VUV and soft x-ray regimes. In this

manner, SLS 2.0 can expect significant improvements also for photon energies below that associated

with the di↵raction limit (see the following section).

Together, the increase in storage-ring energy, the implementation of 7-bend achromats, and these

insertion-device innovations will further substantially increase not just the brightness compared to

today, but also the flux and coherence. This is summarised in Figure 1.1.

1.2 The di↵raction limit

The main limit to the horizontal electron-beam emittance in third-generation storage rings is associated

with the spread induced at bending-magnet achromats. The lower limit to the electron emittance of
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Figure 1.1: Factor improvements in brilliance, flux, coherent fraction, and coherent flux for the SLS 2.0

upgrade, with the new storage-ring energy of 2.7 GeV, for selected photon energies. The undulators

assumed in the original SLS are UE212 (8.4 m) for 20 and 200 eV, UE56 (3.6 m) for 500, 1000, and

2000 eV, and U19 (1.8 m) for higher photon energies. The corresponding undulators in SLS 2.0 are

UE90 (4.4 m), UE36 (4.4 m), and CPMU15 (3 m).

a multibend achromat in a di↵raction-limited storage ring (DLSR) is given by

✏ex,MBA =
M + 1

3(M � 1)
CDBA�

2✓3, (1.1)

whereby M is the number of dipoles in the MBA, CDBA = 2.474⇥10�5 nm, � = E/mec2 is the Lorentz

factor, and ✓ is the angle swept by a single dipole in the MBA. The theoretical improvement (that is,

reduction) in electron emittance between a DBA and MBA is, for a fixed entire swept angle for both

achromats, therefore equal to

✏ex,MBA

✏ex,DBA

=
M + 1

3(M � 1)

✓
2

M

◆3

. (1.2)

Thus, for M = 7, one can expect a reduction in ✏ex by as much as a factor 0.0104 to values of the order

of 100 pm rad.
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The total emittance is a convolution of the electron- and photon emittances. The latter is deter-

mined solely by di↵raction and is given in both the orbital (x-) and y-plane by

✏p [pm rad] =
�

4⇡
=

98.66

E [keV]
. (1.3)

For a facility with an electron emittance of the order of 100 pm rad that is also well phase matched at

the undulator straight sectors to the photon beta function, the ‘natural’ photon emittance therefore

begins to dominate below the tender x-ray regime and the storage ring becomes ‘di↵raction limited’.

The improvement in brightness between third- and fourth-generation facilities is thus most marked

for hard x-rays and can be approximately equated to the reciprocal to the improvement in electron

emittance a. For SLS 2.0, this is predicted to be at approximately h⌫ = 400 eV.

Figure 1.2: The calculated coherent fraction of a 2-m undulator with an ideal beta function of L/4⇡ =

0.159 for SLS (red curve) and SLS 2.0 (blue curve), assuming an electron emittance of 130 pm rad.

Note that at 10 eV, the improvement in fcoh is only about a factor of 1.6, while at 10 keV, it is

approximately 40, i.e., essentially equal to the improvement in ✏ex.

The reduced total horizontal emittance has a direct impact on the coherent fraction of the emitted

radiation. This is given by

fcoh =
(✏p)2

✏x✏y
, (1.4)

aThis assumes that the ‘phase space ellipses’ of the electron and photon beams have been well matched. The beta-

function associated with the photon emittance is given by L/4⇡ and is thus of the order of 20 cm. The electron beta

function should ideally have a similar value.
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whereby ✏x,y is the total emittance in the x- and y-planes. In the hard x-ray regime, ✏x is dominated

still by the electron emittance, and it is here where the greatest gains are made (see Figure 1.2).

This significant reduction in horizontal electron emittance and similar increase in coherent fraction,

has an impact on the performance and technological possibilities at DLSRs that extends beyond a

simple enhancement of the brightness. This is summarized in Figure 1.3.
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Figure 1.3: Interplay of technology and experimental methods resulting from the upgrade of the SLS.

From the reduction of the horizontal electron emittance ✏ex, certain parameters and properties (blue

ellipses) directly (or indirectly, through enabling of other technological developments) impact many

di↵erent experimental methods (yellow ellipses).

1.3 DLSRs worldwide and SLS 2.0

The first DLSR to come online was MAX IV in Lund, Sweden, in 2016. The next fourth-generation

facilities to achieve first light are the greenfield facility Sirius, in Campinas, Brazil, and the ESRF-

EBS upgrade, which delivered first light at the end of 2019. Several other facilities are either planning

or proposing upgrades – the next three facilities expected to achieve DLSR status are the ALS-U

(Berkeley), APS-U (Argonne), and SLS 2.0 projects; all of these expect first light between 2024 and

2026. A summary of the performance of both third-generation facilities and DLSRs is shown in the

so-called ‘Bartolini plot’ in Figure 1.4.

The portfolio of beamlines is shown graphically in Figure 1.5. An important aspect compared to

the present portfolio is that the two straight sectors 2 and 8 that are not presently exploited will
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Figure 1.4: Bartolini plot of horizontal electron emittances weighted by the square of the storage-ring

energy as a function of ring circumference, for both third- (orange data points) and fourth generation

(blue) synchrotrons. Note the approximately twentyfold improvement in emittance for the SLS 2.0

upgrade.

host I-TOMCAT and microXAS 2.0, respectively. Moreover, a fourth superbend beamline, Debye,

will be installed in Arc 1, while the PEARL beamline presently served by a bending magnet will be

amalgamated with SIS to create the new QUEST beamline in the long straight at Sector 9. XIL will

share beamtime with SX-ARPES in Straight 5. If one assumes a beamline which shares a source such

as XIL to count as ‘half a beamline’, the total number of beamlines will increase from 17 today to 19

after the upgrade.

The proposed photon-energy ranges of the SLS 2.0 beamlines detailed in this document are pre-

sented in Figure 1.6. They span four orders of magnitude from the vacuum ultraviolet at 7 eV for the

VUV and SIS beamlines up to 70 keV or higher for the superbend S-TOMCAT beamline.

1.4 Rollout of the beamline upgrade

The beamline conceptual design reviews, which make up the bulk of this document, assume that

su�cient funds and resources are in place so that the upgraded beamlines not only match the enhanced

machine performance but also include scientific and technological adventure resulting from the machine
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Figure 1.5: Schematic illustration of the beamlines and their locations installed after the SLS 2.0

upgrade.

and optics innovations.

Such a fully-developed beamline upgrade can only be realised through a phased program dictated

by resources and funding. The first priority is to resume user operation and maintain the beamlines’

user communities as swiftly and e�ciently as possible. This first phase will be planned and coordinated

to best facilitate further upgrade activities over the first four years after completion of the machine

commissioning (2025 to 2028). This has the advantage of gaining experience with handling DLSR

radiation on a practical level as a basis for realistic technological innovations in all aspects of beamline

infrastructure, from optics, through sample manipulation, to detector technology and IT architecture.

The remainder of this document is concerned with the beamline sources, front end description, and

detailed CDRs of the individual beamlines. The order of the beamline chapters roughly follows that of

increasing photon energy, attempting also to cluster beamlines with similar scientific and experimental

goals.
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Figure 1.6: Photon energy ranges of the proposed beamlines at SLS 2.0. The values in red represent

‘like to have’ ranges, while those in yellow are mandatory. Beamlines with a blue border are bending-

magnet beamlines, those in green are superbends.



Chapter 2

Sources

Thomas Schmidt, Marco Calvi, Marc Brügger, Ste↵en Danner, Lars
Huber, and Marcus Schmidt

In a nutshell

The increase in brilliance and flux at SLS 2.0 is the result of an interplay between, on the

one hand, improvements in electron beam dynamics, including the decrease of the horizontal

emittance by a factor of 45, an increase in electron energy from 2.4 GeV to 2.7 GeV, advanced

injection schemes, and the concept of antibends, and on the other, implementation of the

latest undulator technologies and concepts. Hard x-ray cryogenic in-vacuum undulators

with PrFeB permanent magnets allow shorter periods with high fields, which generate an

increase in brilliance, depending on the photon energy, by two to three orders of magnitude.

The photon-energy range can be extended from 30 keV to 60 keV with high-temperature

superconducting undulators. This R&D project promises a factor of two higher fields at

very small periods of about 10 mm compared to all other technologies. The concept of

using bending magnets which deflect the electrons outwards provide a very small dispersion

in the middle of the arcs, so that superconducting dipoles with up to 5 T can be installed

without compromising the emittance. The injection concepts allow a small round vacuum

chamber in the straight sections with only 8 mm diameter. This enables the use of APPLE X

undulators which enclose the vacuum chamber radially. Developed for SwissFEL, they can

be also used in SLS 2.0, allowing shorter undulator period lengths. In combination with the

higher storage-ring energy, the entire soft x-ray range can be covered on the fundamental.

Strategies to reduce the high power densities on-axis will be implemented.

–9–
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2.1 Overview

A central challenge of the SLS upgrade is to find a new concept for the electron optics compatible

with the existing geometry and footprint of the SLS. Based on the planned portfolio of the SLS two

decades ago, with beamlines covering a photon range of approximately 7 eV in the VUV to hard

x-rays exceeding 40 keV, a threefold symmetry was chosen with six short, three medium, and three

long straights.

This low periodicity and the triple-bend-achromatic arcs cannot support small-emittance optics

with acceptable lifetimes; consequently, a twelve-fold symmetry with 7-bend achromats has been

pursued for SLS 2.0. Moreover, to e↵ectively translate the small electron emittance into an adequate

brilliance increase, the focusing of the electron beam into the straights (i.e. the beta function) has to

match the undulator lengths.

A solution has been found by the beam-dynamics group which conserves the existing setup of

straights with only minor radial shifts of the source points of less than 70 mm. The key aspect in

achieving this was to add quadrupoles in the medium and long straights in order to provide identical

phase advances in all straights (see Figure 2.1) and thereby preserve a ‘pseudo-twelvefold symmetry’,

even though the physical symmetry remains threefold.

Although SLS has until now run exclusively at 2.4 GeV, the injector is able to provide 2.7 GeV. An

increase to this higher storage-ring energy at SLS 2.0 will further boost the brilliance and flux in the

soft and hard x-ray regimes; in the VUV the longest wavelength is determined by the di↵raction-limited

divergence and its extraction through the very compact matching sections of the arcs.

As the large beta functions at the long straights exclude small-gap operation, the 500 MHz RF

cavities will be moved from the short straights 2 and 8 into the first part of the long straight 9, making

better use of the available space. Hence, two more short straights (with their small �-functions) become

available for hard x-ray beamlines, which results in a new imaging beamline (I-TOMCAT) and a higher

brilliance for the microXAS beamline, which moves from its present location at the long Straight 5 to

Straight 8. All hard x-ray undulators are located in the short (even-numbered) straights with almost

unaltered source points, which will facilitate a fast restart after the dark period.

In addition, the third-harmonic cavity will be relocated from Straight 7 to Straight 5, allowing

the PHOENIX/X-Treme beamlines to implement a second undulator for fast helicity switching. The

relevant parameter for SLS 2.0 are summarized in Table 2.1.

The new lattice of SLS 2.0 reduces the horizontal electron-beam emittance by a factor of 45 (for

2.4 GeV). The corresponding increase in brilliance for an identical undulator would be 24. The increase

in storage-ring energy to 2.7 GeV boosts this value to a factor of 59, although due the quadratic scaling

of the emittance with energy the win in emittance is reduced to a factor of 36. Taking the U19 in-

vacuum undulators of SLS as a reference, new cryogenic undulators with the shorter period of 15 mm

and 3 m total length will result in a brilliance increase of 140 at 10 keV and 868 at 20 keV (see

Figure 1.1). This will extend the photon energy range for hard x-ray ID beamlines at SLS 2.0 easily

to 50 keV and above.

The increase in brilliance and flux for the upgrade of SLS to SLS 2.0 is based not only on improve-

ments in beam dynamics, which result mainly in a reduced horizontal emittance and in optimised

injection schemes allowing reduced pole width and round vacuum chambers, but also on enhanced
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E I ✏x/✏y �E/E
[GeV] [mA] [pm rad] ⇥10�3

SLS 2.411 400 5630/10 0.878

SLS 2.0 2.7 400 156/10 1.145

SLS 2.0 length radial shift long. shift �-functions

Straight [mm] [mm] [mm] �x/�y/D [m]

Short (2,4,6,8,10,12) 4110 -2.4 0 2.52 / 1.30 / 0

Medium (3,7,11) 4980 + 820 + 67.3 -685 3.45/2.40/0

Long (5) 5000 + 6560 + 67.3 -2975/+3755 7.2-12.1/4.0-12.6/0

Long (9) 6560 + 5000 + 67.3 -3755/2975 7.2-12.1/4.0-12.6/0

Bending magnet -62.9 ±135 (+ even) 0.1/4.6/0.05

Table 2.1: Main parameters and layout of SLS 2.0. The straights allow for 3 m-long hard x-ray

undulators and up to 4.5 m-long soft x-ray undulators, or alternatively 2⇥ 2 m-long twin undulators.

In the upstream parts of the long straights, four RF cavities (5) and the 3rd-harmonic cavity (9)

are located. Undulators will be installed in series in the downstream parts to allow light extraction

through the very condensed arc. For the same reason and because of heat load in the undulators

themselves, the installation of canted undulators is not possible and beamlines in Straights 5 and 9

will be operated in time-sharing mode. Long Straight 1 is reserved for injection, which also requires

2 ⇥ 1 m in Straight 2. Additional machine components (current monitors, feedback kicker, pinger

and scraper) will be located in the 685 mm parts of the medium straights and in the extremities of

Straight 4.
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Figure 2.1: Layout of straight sections in SLS 2.0 with six short straights providing small �-functions

for high brilliance, three medium straights split with a quadrupole doublet (the short section is reserved

for machine diagnostics, the longer section for IDs), and three long straights divided into two similar

sections by a quadrupole triplet. This layout produces only minor shifts of the source points compared

to today, which thus avoids costly modifications of the tunnel walls.

undulator technologies for soft and hard x-ray undulators (see Figure 1.3). These include:

• New magnetic materials and enhanced manufacturing techniques allowing shorter periods and/or

higher fields.

• Cryogenic in-vacuum undulators operating at liquid-nitrogen temperatures with shorter periods

are now state of the art in medium-energy storage-ring facilities, replacing room-temperature,

in-vacuum undulators.

• A new type of undulator based on high-temperature superconducting material has a high po-

tential for even smaller periods.

• New schemes for soft x-ray undulators have been developed for small, round vacuum chambers

in single-pass accelerators like FELs and can be used now also for DLSR facilities with their

improved injection schemes.

SLS 2.0 will profit from the large experience gained at PSI with the SLS and SwissFEL projects, both

based on cutting-edge undulator technologies [1].
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Figure 2.2: Brilliance curves for insertion devices at SLS and SLS 2.0. The increase in brilliance

is due to reduced emittance, higher storage-ring energy, longer undulators, and shorter undulator

periodicities, while maintaining high K-values. Soft x-ray beamlines profit from shorter periods by

covering the entire photon energy range on the fundamental, in contrast to the SLS, for which the 3rd

and 5th harmonics are needed to cover the desired photon-energy range, with a consequent reduction

in the degree of circular polarisation.

2.2 Hard x-ray undulators

To generate hard x-rays using the medium-energy storage ring of the SLS, 2-m long in-vacuum undula-

tors with 19 mm period were originally designed; they operate with small gaps between 4.5 and 7 mm.

The third to 13th harmonics cover the photon-energy range from 4 to 20 keV. NdFeB magnets with a

remanence of Br = 1.15 T have been used with a high coercivity of Hcj = 2400 kA/m, a prerequisite

to ensure good radiation hardness. No demagnetization resulting from radiation has been observed in

the first two decades of operation and these undulators remain the working horses for the hard x-ray

beamlines of SLS. For still higher photon energies, SLS began with a minigap wiggler, which remained

operational at the Materials Science beamline until 2010.

2.2.1 Cryogenically-cooled permanent-magnet undulators

The W61 minigap wiggler was exchanged in 2010 with a liquid-nitrogen cryogenically cooled in-

vacuum undulator (CPMU) with a periodicity of 14 mm (U14). The NdFeB permanent magnets

become stronger and significantly more stable when the temperature is decreased. This material has

a flat maximum remanence at T = 135 K of Br = 1.65 T. A further reduction of the temperature,

however, reduces the field strength again, thus requiring an active temperature control (both heating
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and cooling) to maintain the optimal temperature of 135 K.

More recently, PrFeB magnets are being employed, which do not show this spin reorientation and

associated drop in field strength at lower temperatures [2]. Cooling of these novel magnets is thus more

straightforward, although the temperature stability becomes more critical, as the operation point lies

on a gradient instead of a plateau.

The existing U19 undulators could be converted for SLS 2.0 into CPMUs with shorter periods

down to 14 mm. While The CPMU14 needed a reinforced support structure comapred to the U19

standard, the small horizontal emittance and the improved injection permit a smaller horizontal good-

field region such that the pole width can be reduced from 42 mm to 15 mm. This results in smaller

magnetic forces, thus allowing a refurbishment of the existing undulator supports. However, based on

the experiences in SLS and SwissFEL to build compact systems and as the vacuum chamber in the

SLS 2.0 arc is reduced from 32 mm to 18 mm and with the gained experience with the flexible taper

in SLS, the undulator length can be increased by 50% while the length of the short straights remains

basically unchanged.

This requires new undulators for the PX I, PX II, microXAS and cSAXS beamlines. Inspired by

concepts for the Horizon2020 compact light source project and a novel design for the compact HERO

modulator for the SwissFEL Athos beamline, a modular undulator design is also envisaged for the

cryo undulators. The basic concept is that instead of using a bulky and heavy support structure

and a separate welded vacuum chamber, several short modules modules machined with high precision

combine the functions of the vacuum chamber and the support unit. These modules will then be

put on girders similar to the magnets in the arcs, as shown in Figure 2.3. Each module has its own

drive unit which can act independently. The design profits from the smaller forces due to the reduced

pole width. This also o↵ers the more advanced possibility to further reduce the magnetic forces by

adding side magnets with counterbalancing forces [3]. It is planned to incorporate the compensation

for SLS 2.0 into the hybrid structure, so that it has the identical gap dependency and might work over

the entire gap range. The drive systems can be either motor driven, or with hydraulic driven posts.

This concept could revolutionise the fabrication of undulators. Because of the modularity, any

length can be fabricated without becoming bulkier or using ever stronger drive systems.

For cryogenic undulators, it is known that the shimming procedure to optimise the phase errors

can be performed at room temperature [4]. After cooling down to liquid nitrogen temperature, the

phase correction settings for the individual magnets are preserved, but the long-range column fixations

need to be adjusted. For this, either additional di↵erential screws are implemented or shims have to

be added. In the concept proposed here, the long-range column correction can be integrated into the

automated magnet correction system, developed by PSI and used with high success for the SwissFEL

hard- and soft-x-ray undulator series production [5].

Another benefit to the alternative of refurbishing the existing support structures is that the available

time for the work is not limited to the “dark period“. The vacuum system would need to be replaced,

the cryo-system integrated, and the drive system replaced as the installed VME based electronics are

at their end of life without commercially available spare parts.
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Figure 2.3: Design study for a new compact and modular in-vacuum undulator. The machined modules

combine vacuum chamber and support structure. The load will be distributed over several drive units.

2.2.2 High-temperature superconducting undulators

For PrFeB-based CPMUs, period lengths as small as 12 mm might be possible. Even smaller periods

could be achieved with high-temperature superconducting undulators (HTSUs), which will also profit

from small e↵ective horizontal gaps.

The HTSU is a real R&D project, launched not just for the second hard x-ray undulator line

at SwissFEL, but would also be ideal for the extension of the photon-energy range of SLS 2.0, in

particular for I-TOMCAT, but possibly also for the Materials Science beamline [6–10].

A first ten-period mock-up was tested in August 2019, and initial results have been extremely

encouraging. The principle of the “HTSU10” is a staggered array of high-temperature superconductor

(HTS) blocks installed in a cylindrical superconducting solenoid coil (see Figure 2.4). The coil will be

able to produce fields of up to 12 T, which can be trapped by the HTS blocks. The electron trajectory

is located in the fringe field of these HTS blocks, which can thus assume values of 2 T or even more

at gaps of 4 mm. In contrast to CPMUs, a thermal shield is required due to the heat produced by

synchrotron radiation and wakefields, so small gaps are also of very high interest.

This R&D project is supported by the CHART (Swiss Accelerator Research & Technology) pro-

gram. Collaborations with Cambridge University, Fermilab, and SPring-8 have been established. The

HTS technology is also part of the LEAPS infrainnov program with close collaboration of ESRF.
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Figure 2.4: Vertical section through the U10 HTSCU prototype planned for the I-TOMCAT beamline

and possibly also the Materials Science beamline. The HTSC elements are staggered and shown in

grey.

2.2.3 Enhanced spectral profiles at DLSRs

In the hard x-ray regime, the e↵ective source size at DLSRs, while being an order of magnitude

smaller than at third-generation facilities, still dominates over the di↵raction-limited size associated

with single-electron emission.

Figure 2.6 compares the brilliance of the same undulator at SLS with that at SLS 2.0, assuming

a 40 times smaller total horizontal emittance. In addition to the expected 40 times increase in peak

brilliance, the SLS 2.0-spectrum is substantially cleaner – the o↵-axis-radiation lobes seen on the

low-energy flanks of the spectral peaks for the third-generation source are completely absent in the

DLSR spectrum. This is because the order-of-magnitude smaller horizontal width of the electron

beam (approximately 10 µm), is slowly approaching the oscillation amplitude A produced by the

magnet array. This means that an observer on axis at the SLS 2.0-undulator will see a much smaller

contribution from emission from the o↵-axis electrons which produce the low-energy lobes in the

spectra.

Many experiments (such as at I-TOMCAT, the PX beamlines, and cSAXS) do not always require

the relative bandwidths of the order of 10�4 provided by crystal monochromators, and would profit

from using the entire flux from any given harmonic. The relative bandwidth of the mth undulator

harmonic is 1/mN , whereby N is the number of undulator periods. For the lower harmonics this is

of the order of 0.005 to 0.01; for higher harmonics, the relative bandwidth does not drop as steeply as

1/m, as gradually, the o↵-axis contributions do begin to leak in to the peaks, causing them to broaden

marginally. Nonetheless, the spectral quality remains su�ciently high to use the entire flux of any

given harmonic for small-period undulators at SLS 2.0. Note, however, spectral filtering is still required
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Figure 2.5: While in SLS, Straights 2 and 8 are used to host RF cavities for acceleration, in SLS 2.0 all

six short straight sections will be equipped with hard x-ray undulators, which are optimized with small

�-functions to e↵ectively convert the small emittance in a high brilliant photon beam. In Straight 2 the

HTS undulator with 10 mm period is surrounded by two kicker magnets used for improved injection

schemes.

to remove the other harmonics. This can be e↵ectively achieved using multilayer monochromators or,

in some instances, refractive optics such as CRLs or prisms.

2.3 Superbends

SLS 2.0 will also be equipped with superbends to generate higher flux and brilliance at higher photon

energies. While at SLS, the superbends are normal electromagnets providing a field of 2.9 T, super-

conducting dipoles will be installed at SLS 2.0, with longitudinal gradient fields with central maximum

values of 5 T. Development of the superbends is provided by experts within the Large-Research Fa-

cility department’s magnet group. In total, three 5-T superbends are foreseen for SuperXAS, Debye,

and S-TOMCAT, plus a warm 2-T superbend for PX III.

Compact designs are required and in-vacuum designs with gaps of 34 mm or even smaller are

proposed with NbTi wires for a 5-T version. For more challenging higher-field versions, an R&D

project based on HTS has been started, which is also supported also by the CHART program. The

increase in brilliance with respect to SLS is significant and an energy range potentially up to 100 keV

can be covered with these sources.
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Figure 2.6: Comparison of the brilliance of undulator spectra at SLS and SLS 2.0. Top: the lateral

extent of the electron beam passing through an undulator at third-generation facilities is approximately

two orders of magnitude larger than the oscillation amplitude A, while at DLSRs, it might only be

approximately 10A or less. Bottom: as a consequence, an observer on axis will ‘see’ less o↵-axis

radiation, thereby suppressing the lobes on the low-energy flanks of the main spectral maxima. Note

also the enhanced brilliance at the spectral peaks for SLS 2.0. Both simulated spectra were generated

for a U12 undulator (that is, �u = 12 mm) containing 120 magnet periods, for K = 1.6, 400 mA, and

a storage-ring energy of 2.4 GeV.

2.4 Soft x-ray and VUV undulators

A new type of undulator has been developed for the SwissFEL Athos beamline, the APPLE X design,

which combines an identical photon-energy range in all major polarization modes, namely LH, LV

and circular, with full symmetry over the entire range [11]. This is achieved by using individually

controllable radial instead of vertical plus longitudinal movements for all four magnet arrays. The

radial design is suited to small, round, vacuum chambers used in FELs or other single-pass accelerators,

and also to DLSRs such as SLS 2.0. By exploiting the latest grade of permanent-magnet material,

the period length can be significantly reduced and the K-value increased, so that the desired photon-

energy range can be covered by the fundamental harmonic alone. Undulators with a large number of

periods and high K-values are problematic because of the associated high and variable heat load.

With the recent development of the K-not APPLE design with an additional subharmonic field



2.5. PROJECT MANAGEMENT 19

component (second period 3⇥ longer than that of the main undulator period) it is now possible to

shift the higher harmonics from the electron-beam axis to larger angles, which can then be blocked in

the front end [12,13]. This K-not design is compatible with the APPLE X design: The two periodicities

are implemented within a superperiod of 24 magnets where 8 magnets per period are used for the

fundamental period.

A series production of 20 APPLE X undulators, each 2 m long, with period length of 38 mm and,

in a modified version, 90 mm is underway for SwissFEL and EUXFEL. This type of undulator is

the baseline design also for SLS 2.0. However, as these undulators have a wedge-based drive system,

they are not flexible in length. The final layout of the SLS 2.0 medium and long straights allows

undulator lengths of 2 m to 4.5 m. Moreover, for the soft x-ray beamlines a modular concept could be

beneficial. Figure 2.8 summarizes the possible scenarios. The energy upgrade for SLS 2.0 precludes

the continuous use of the existing soft x-ray undulators. Refurbishing the existing undulator supports

would also be suboptimal, with several compromises: the two UE56 and the UE54 have only two shift

axes which requires di↵erent operation modes and they cannot be equipped with remote controlled

movers which significantly hinders the commissioning. Only the 3.4 m long fixed gap APPLE II

undulator of the ADRESS beamline can be refurbished, which is part of the baseline design for the

soft x-ray undulators.

The X-Treme and the SIM beamlines demand fast helicity switching for circular dichroism experi-

ments. SIM uses twin undulators with opposite helicity; with alternating small gap changes a switching

rate of about 0.5 Hz is achieved. In an alternative scenario with single undulators, the new hydraulic

system will be used for the first time in undulators which combines sub µm precision with high speed

and force, so that helicity switching will be comparably fast. The system has been experimentally

studied within a master thesis in collaboration with Fachhochschule NordWest Schweiz.

The benefit of the second scenario is higher flux in circular polarization mode because the full

undulator length can be exploited. In general, the operation of a single undulator is always preferable

because of reduced operating expense for commissioning and the need to periodically recalibrate the

two undulator plus phase matcher system.

2.5 Project management

2.5.1 Timeline

Most undulators need to or will be replaced by new devices. This is also of practical considerations,

because it allows one to prepare and optimize the undulators before the start of the darktime in

Q4, 2023. Three undulators are planned for continued use in SLS 2.0: The CPMU14, the fixed gap

APPLE II UE44 and possibly the planar undulator of XIL. The installation of the undulators is

foreseen to split into the two shutdowns in 2024 with the back-up wavelength shifter for I-TOMCAT

in Straight 2, the reinstallation of CPMU14 for MS in Straight 4, new hard x-ray undulators for PX I,

PX II, and cSAXS in Straights 6, 10 and 12, and for the soft x-ray lines and twin undulators for the

SIM beamline in Straight 11. In a second shutdown in Q1, 2026 the HTS undulator shall be installed

(I-TOMCAT, Straight 2), the µXAS undulator (Straight 8) and the Knot APPLE X undulators for

RIXS (3), SX-ARPES (5), and QUEST (9) plus the SLS UE44 (7) and U70 (5).
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The high-temperature superconducting undulator will have an elliptical vacuum chamber of rather

small dimensions of 3 ⇥ 6mm2. As this is too small to start up the new SLS 2.0 and because the

development of the HTS undulator is a high potential but also high risk project, in the first shutdown

a wavelength shifter or few period wiggler will be installed instead which allows the I-TOMCAT

beamline to start up immediately. The HTS undulator will be installed in the second shutdown.

The development of the four new hard x-ray permanent magnet undulators is planned in two stages.

Currently a prototype with two modules of in-vacuum undulators at room temperature is under way.

Based on the experience we will decide if we produce the required undulators based on this, continue

towards CPMU, or even step back to standard in-vacuum undulator design.

For the soft x-ray undulators, a modular concept shall also be studied. In summer 2021 we have

to decide between the 2m long Athos series undulators or the up to 4m long modular supports. For

both versions, the Knot scheme will be prototyped for the APPLE X configuration.
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Figure 2.7: Top: Super-period with 24 magnets of a single row in the K-not undulator concept but

with a period field from 8 magnets per period. The strength of the superimposed virtual magnets is

a free parameter. Best results are found with a 50 % strength of the added field. The colors indicate

the 7 di↵erent magnetization directions of the magnets. Bottom: Power distribution of the UE90 in

periodic and K-not mode at a typical front-end position 13 m away from the source point (i.e. the

middle of the undulator). The higher harmonics are emitted o↵-axis allowing an e↵ective reduction of

the heat load within the front-end aperture, marked with the white square. For the VUV undulator

the reduction of heat load in K-not mode is a factor of 10, for other soft x-ray undulators the heat

load decreases to 60%.
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Figure 2.8: Soft x-ray and VUV undulators in SLS 2.0. Medium and long straights are separated by

quadrupoles providing length of 5 m and 6.5 m for undulators, respectively. The upstream parts of

the long straights cannot be used for undulators and are perfectly used through a rearrangement of

the RF acceleration cavities. In the scenario shown here, the 2 m long Athos undulators are used.

Knot-type APPLE X undulators will be used with period length of 36 mm and 90 mm, respectively.

The fixed gap APPLE II will be used for the combined soft x-ray/tender x-ray beamlines. It is possible

that the twin undulators in Straights 3, 5, and 9 are replaced by single units based on a compact and

modular concept.
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Chapter 3

Front ends

David Just and Claude Pradervand

3.1 General strategy

The front-end elements at the SLS have largely been in use for more than a decade and in some

instances for about two decades. During this time they have proven to be very reliable and require

low-maintenance. It is therefore planned to reuse some of the front-end elements after thorough

refurbishment which will include replacement of components subjected to wear, as well as dismounting,

cleaning, reassembling and testing all components of each individual front-end element.

The motivation driving this approach is less to reduce costs and e↵ort, rather to stay with a

proven, reliable concept. Moreover, it is planned to upgrade some elements which are not subject to a

complete redesign. Examples include the use of absolute encoders, which are more user friendly than

the currently used incremental encoders; new motor-drive components which will allow better software

integration and applications; and new end-switches which fulfil more stringent safety standards.

Nevertheless, many components need to be completely redesigned, due to increased heat load

from the new sources associated with higher power densities and smaller beam size. In addition,

the footprint of the new lattice di↵ers su�ciently from the original that careful considerations must

be made to fit all the needed front-end elements inside the confines defined by the exit ports, the

multibend achromats, and the tunnel wall.

3.2 Front-end elements

The front ends at SLS 2.0 vary from beamline to beamline in terms of the implemented elements,

desired functionality, and design. However, there is only a limited amount of elements used in the

front ends (Figure 3.1), some of which are used for every beamline and others which will be built and

tailored to the needs of individual beamlines.

All front ends include one or more water-cooled beam-defining apertures such as beam masks and

diaphragms. The main purpose of these elements is to limit the cross-section of the synchrotron beam

and to reduce the heat load on subsequent optical elements such as mirrors and monochromators.

Additionally, since the outer part of the beam contains lower-energy photons these elements also act

–25–
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Figure 3.1: Schematic diagram of a typical front end.

as a high pass energy filter for the synchrotron radiation. Since the synchrotron source characteristics

and the layout of the beamline (i.e. the distance between the source and first front end elements)

change for most beamlines, these water-cooled elements will be completely rebuilt and adapted to the

new lattice.

Photon shutters and beam stoppers are used in all beamlines. These two elements work in com-

bination and are, together with the ring wall, the primary safety elements of the front end. In the

closed position they absorb the beam to ensure that personnel can safely work in downstream areas

outside the ring wall. The photon shutter is water cooled. It absorbs the high-power x-rays emitted

by the source. The beam stopper, made from tungsten, absorbs the high-energy Bremsstrahlung ra-

diation. For bending-magnet and superbend beamlines, the two components are combined into one

single device, since the power load and power density are much lower than for insertion-device beam-

lines. These components will be reused from the SLS after refurbishment and upgrade to new safety

standards. In some cases we will adapt the design of the photon absorber head to comply with the

increased heat load at SLS 2.0.

Currently, for insertion-device beamlines, two tungsten-blade XBPMs (x-ray beam position mon-

itors) are installed in each front end at SLS. For SLS 2.0, we plan to continue to use one of these

and to replace the other with a di↵erent XBPM technology. The purpose of these XBPMs will be

to analyze the x-ray beam position and to provide feedback to the machine in order to optimize the

electron-beam stability.

To be able to reuse the tungsten-blade XBPMs, they need to be refurbished and mechanically

modified to the new reduced beam sizes, particularly in the horizontal plane. In order to find the best

technologies for the second XBPM, a working group was established. Di↵erent beamlines will require

di↵erent solutions: while for hard x-ray beamlines a CVD (chemical vapor deposition) diamond or

SiC quadrant XBPM are good options, these elements would absorb too much flux for soft x-ray

beamlines. A hybrid concept in which a SiC XBPM has a central opening and only the outside halo

of the beam is intercepted (as in tungsten-blade XBPMs) is presently being investigated as a possible

solution for the soft x-ray beamlines.

For bending magnet beamlines, it is not planned to install tungsten-blade XBPMs. Where required

and where floor space is available, retractable XBPMs can be installed.

For some beamlines CVD diamond or Be-vacuum windows are installed in the front ends. Where

the beam size and the energy range of the new beamline at SLS 2.0 allow, we plan to reuse the same

windows after refurbishment. The main purpose of these windows is to separate the UHV vacuum of

the accelerator ring from the rest of the beamline and to act as vacuum-protection element in the case
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of a vacuum breach downstream of the window. These windows absorb low-energy photons. While in

many cases this is desired, in some, the reduced flux at lower energies is problematic. For example, in

the case of the PX-III superbend beamline, it is planned to work at lower energies for SLS 2.0 than

for SLS, down to 3 keV (see Chapter 15). In this case, the CVD diamond window could be replaced

with a Be window or the front end must be completely UHV compatible.

Most beamlines are equipped with slits. The purpose of these slits is to reduce the beam size and

to scan the beam with a small aperture in order to obtain the beam profile (pinhole scan or edge

scan). Currently, three di↵erent slit types are in development for SLS 2.0. For bending-magnet and

superbend beamlines, a new set of horizontal and vertical slits is under development, which will avoid

the need of a separate vacuum chamber. This goal is primarily driven by the limited floor space for

the front ends caused by the new footprint of the SLS 2.0 lattice for certain beamlines.

Currently a set of fast horizontal and vertical slits for soft x-ray insertion-device beamlines is being

developed. These slits will be mounted in the existing vacuum chambers and will allow one to perform

a complete beam scan within a few seconds. While at SLS, this process may take up to 15 minutes,

this increase in speed by well over two orders of magnitude will allow a complete scan each time the

gap of the undulator is opened or closed at SLS 2.0. Using the monochromator, energy- and spatially

resolved beam profiles will be available to the beamline. For some hard x-ray beamlines, we are

developing new slits with improved mechanical stability and enhanced thermal management, driven

by the need for better stability both mechanically and thermally associated with the extensive use

of the coherent beam fraction at SLS 2.0.

Some beamlines use a set of filters in the front end. The purpose of these is to remove the low-

energy portion of the beam and to reduce the heat load on optical elements downstream. Where beam

sizes and heat loads allow, it is planned to refurbish and reuse the existing components for SLS 2.0.

A few beamlines also include optical elements such as monochromators and x-ray mirrors in the front

end before the tunnel wall. Although these elements are not considered as front end elements, their

location inside the tunnel raise substantial space-management challenges because of their relatively

large size and the limited floor space available. These issues will be addressed on a case-to-case basis.





Chapter 4

Vacuum Ultraviolet Beamline – Valence
Photoionization For Reaction Dynamics

Andras Bodi, Patrick Hemberger, Patrick Ascher, and Christoph
Bostedt

In a nutshell

The VUV beamline applies valence photoionization to study chemistry in all states and

phases. It strives to understand reaction mechanisms and energetics by revealing elusive

and highly reactive intermediates, locating rate-determining transition states, and identify-

ing reaction coordinates with the goal of rational reaction design. Since its commissioning,

the VUV beamline has been at the forefront of developing and applying double imaging

photoelectron photoion coincidence (i2PEPICO) spectroscopy to deliver accurate energet-

ics data and as a universal, sensitive, selective and multiplexed analytical tool to reveal

reaction mechanisms. Data acquisition approaches, coincidence experiments, and beamline

components pioneered at the VUV beamline have inspired research programs at synchrotron

radiation sources worldwide.

The SLS 2.0 machine upgrade and beamline optics improvements will benefit the enduring

methods development e↵orts at the VUV beamline. The mass resolution and detection

limit will increase by up to an order of magnitude, which will allow for more sensitive

experiments to understand reaction dynamics and contribute to research fields ranging from

catalysis, energy storage and conversion, combustion, pollution abatement, to questions in

astrochemistry.

–29–
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4.1 Overview

Neutrals, ions, aerosols, and clusters are studied at the gas-phase vacuum ultraviolet (VUV) beam-

line at SLS 1.0 (Figure 4.1). Photoionization, in particular in coincidence with photoelectron spec-

troscopy, has proven to be a universal, multiplexed, sensitive, and selective detection method for

neutral molecules, which interrogates chemical reactions with high fidelity [1]. The photoelectron

spectrum belonging to a cation mass channel provides an isomer-specific fingerprint of the species at

hand. The research focus at the VUV beamline originally involved the fundamental understanding of

photoionization mechanisms and obtaining high-resolution energetics data [2], and was later broadened

to include the isomer-resolved characterization of targetedly prepared unstable and fleeting reactive

intermediates [3]. A photolysis experiment now allows us to study kinetics on a µs–ms scale [4]. These

advances have led to the study of more complex reactive environments to understand bimolecular

systems [5] and map catalytic reaction mechanisms (Figure 4.2) [6–8]. Furthermore, molecular dy-

namics of elusive species at ps to fs timescale has been investigated in our laser laboratory utilizing

UV pump and IR multiphoton probe approaches [9–11]. In preparing this report, we have evaluated

the opportunities that novel electron modulation schemes and laser light sources o↵er to expand the

science case of the beamline in the future towards time-resolved experiments with high-repetition rate

sources (see Section 4.9). However, within the envelope of the SLS 2.0 upgrade we will first focus on

rebuilding and upgrading the bending magnet VUV beamline.

4.1.1 Upgrade motivation

A combination of various upgrade factors will allow us to improve the sensitivity of VUV detection by

about a factor of 10 in SLS 2.0. The peak magnetic field in the longitudinal gradient bends (LGBs) is

going to be 1.35 T, slightly lower than the current 1.4 T, which shifts the bending magnet spectrum

to slightly lower energies. Thanks to the increased energy at 2.7 GeV vs. 2.4 GeV now, the bending

magnet will deliver a total of 360 W synchrotron radiation vs. 260 W now for the same acceptance.

All in all, we expect an increased VUV flux at the experiment by 15%. More importantly and because

of the decommissioning of slicing in SLS 2.0, the space of the current FEMTO hutch could be used

to accommodate a longer transfer line (see Figure 4.6). By exchanging the focusing mirror for softer

focusing optics and building a 5 m longer transfer line, the usable flux could be doubled in experiments

requiring a smaller spot size, e.g., when mass resolution is crucial. Because the vertical spot will also be

smaller and the mass spectral peaks narrower, the signal-to-noise ratio will improve by an estimated

50%, too. Combined with experimental improvements already on the way, which will double the

sensitivity of coincidence detection, these changes could lead to a lower detection limit for reactive

intermediates by as much as one order of magnitude, from 1 ppm to 0.1 ppm [12]. This su�ces for

the VUV beamline to stay competitive with current and planned vacuum ultraviolet bending magnet

and insertion device sources worldwide and to maintain its advantage in chemical analysis for the

foreseeable future. Furthermore, the endstation will newly be in a laser hutch, which will allow us to

explore novel, time-resolved research avenues without much infrastructural overhead.
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Figure 4.1: Systems (rectangles) and fields (ellipses) of study at the SLS-VUV beamline.

4.1.2 Science impact

The VUV spectral regime corresponds to valence ionization, and as changing valence equals chemical

reactions, chemical dynamics is mirrored in this energy range. Valence ionization energies of most

stable molecules range between 8 and 15 eV, whereas those of unstable radical intermediates range

between 7 and 10 eV. The ionization energy together with the photoelectron spectrum provides an

isomer-selective fingerprint for the identification of reactive species in harsh environments [1, 13].

Thanks to the large cross-sections (up to 20 Mb) and collection e�ciencies (up to 50%), dilute samples

can now be routinely analyzed at our beamline at number densities of less than 108 cm3 (< 1 ppm in

a reaction mixture).

The competitive edge of the VUV beamline lies in the development and application of advanced

coincidence techniques to enable such endeavors. A limiting factor is sensitivity, which is why crucial

reactive intermediates have only recently been detected experimentally [14]. Here, we will benefit

from the enhanced flux of the beamline, as well as from the smaller ionization volume. Thus, the

detection limit will be ca. 10 times lower than at SLS 1.0 now. This will allow us to broaden the

spectrum of chemical processes to study, and unveil the underlying reaction networks in, e.g., catalytic

systems [15,16] at sub-ppm concentrations.

The brilliance of the current BM beamline is slightly above 1011 (s mrad2 0.1% BW)�1. In continu-

ous coincidence experiments, a much higher flux and signal rate would inevitably lead to a debilitating

false coincidence background, which a�rms that the beamline is already well-suited to serve the ex-

perimental environment. Looking to the future, pulsed sources, be it harmonic generation by the

modulation of the electron beam in the ring or by capitalizing on recent developments in lasers, could

lead to a peak brilliance as much as 10 orders of magnitude higher, allowing for new research topics to

be pursued at the VUV beamline. As outlined in the outlook in Section 4.9, figures of merit of such

a light source would be between synchrotron and free-electron laser sources. The spectral density, the

comparatively large average flux, and the peak fluence would enable new, pulsed experiments using
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(a) Double imaging coincidence endstation (b) Understanding catalysis

Figure 4.2: Current experimental approach and results at the VUV beamline (see https://www.psi.

ch/en/sls/vuv/publications and https://www.psi.ch/en/sls/vuv/scientific-highlights).

the same or slightly modified endstation hardware.

4.1.3 Vacuum ultraviolet sources worldwide

The VUV synchrotron community covers a broad spectrum from analytical and environmental chem-

istry through astrochemistry, combustion and atmospheric chemistry to the study of fundamental

photoionization phenomena in nanoparticles, as well as fragmentation processes in ions and neutrals.

Intense ID sources are o↵ered at ALS, Soleil, LNLS, TLS, HLS-II, MAX IV, CLS, and Elettra. Further

large-scale VUV sources are available in Japan, India, and Denmark. While a gas-phase coincidence

endstation is available at the newly built FinEstBeAMS at MAX IV [17], only Soleil and ALS have

capitalized similarly on the analytical capabilities of VUV photoionization as the VUV beamline at

SLS so far. Most bending magnet sources focus on absorption studies, whereas ID VUV sources at

Elettra or CLS focus on inner valence or core ionization and photoluminescence spectroscopy. The

bending magnet VUV beamline at SLS can thus be compared with the undulator-based VUV sources

at, e.g., the ALS and Soleil [18]. In general, ID sources profit from higher overall flux and lower

divergence. The VUV beamline has attracted users from most continents because of its leading role

in the development and application of coincidence techniques. Thus, we will continue pursuing ex-

perimental developments to maintain the main competitive advantage of the beamline in the field.

Numerous ID sources have emphasized the soft x-ray regime at the expense of tunability towards the

soft VUV. A second distinguishing feature of the VUV beamline is therefore the easy tunability to

6–7 eV, which allows us to study the ionization onset energy range of unstable intermediates. Lastly,

laboratory-based light sources have become more powerful and versatile recently, as reviewed in Sec-

tion 4.9. These, normally pulsed sources do not represent direct competition with quasi-continuous

synchrotron radiation, but they can be thought of as complementary tools, which we will strive to

integrate into the research program at the VUV beamline to further its research program.

https://www.psi.ch/en/sls/vuv/publications
https://www.psi.ch/en/sls/vuv/publications
https://www.psi.ch/en/sls/vuv/scientific-highlights
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4.1.4 Reaction Dynamics Group at SLS

The Reaction Dynamics Group at PSI uses vacuum ultraviolet photoionization (5-30 eV) to study

unimolecular and bimolecular reactions relevant in combustion, atmospheric and astrochemistry, cat-

alytic reaction mechanisms, as well as aerosols, clusters and thermochemistry. It develops new reactors

and interfaces for the study of free radicals and reactive intermediates with synchrotron radiation and

refines spectroscopic methods for isomer-selective detection [19]. A few highlights are given here to

illustrate the breadth of systems studied at the VUV beamline.

Reaction mechanisms are driven by free radicals and unstable short-lived intermediates. The in-

depth knowledge of their energetics and reactivity are essential when constructing predictive models

for reaction networks, but their selective detection is challenging. Intermediates can be generated

in operando conditions, or specifically and isomer-selectively from carefully chosen precursors using

laser photolysis or flash pyrolysis, as is done in ca. 40% of the beamtime at the VUV beamline.

The threshold photoelectron spectrum, obtained for a single ion mass channel, reveals the electronic

structure, and makes isomer-selective online detection possible in complex reaction mixtures [3].

Aromatic diradicals have a high-spin character and exhibit fascinating properties for a wide range

of potential applications from molecular magnets and magnetic organic frameworks through materials

science to quantum chemistry. Meta-xylylene is one of the smallest, most interesting, albeit elusive,

system. The triplet electronic ground state renders it reactive and called for an innovative approach

to prepare it in-situ in a microreactor. Electronic and vibrational insights could then be revealed by

measuring its photoelectron spectrum. The results implied that multiplicity change of a meta-xylylene

moiety in a substrate could dramatically alter the electronic and magnetic properties of a material

without necessarily a↵ecting its structural features [20].

More than a quarter of the proposals for the VUV beamline are catalysis related, thanks to the

unique set of interfaces and techniques developed in the group over the years. We must understand

reaction mechanisms in detail to move beyond the trial-and-error approach and enable rational catalyst

design to improve selectivity and conversion. This is crucial in our quest to convert cheap and abundant

biomass, such as lignin, into high value fine chemicals and fuels. Catalysis intermediates in phenol and

benzene production were identified using photoionization techniques and by control experiments in

lignin catalytic fast pyrolysis [6]. Selective catalytic alkane functionalization to olefins with halogens

is a promising avenue for alkane valorization to fully exploit natural gas, a key energy vector in

the transition between oil and the renewables era. By measuring radical intermediates and their

concentration as a function of reaction conditions, experiments at the VUV beamline have confirmed

that surface-confined and gas-phase mechanisms are at play simultaneously [7, 8, 21, 22]. This is

fundamentally important when optimizing selectivity and conversion: The choice of the catalyst only

a↵ects the surface-confined steps, whereas pressures and temperatures can be used to control the

gas-phase processes.

Thus, the research program of the Reaction Dynamics Group is furthering our understanding of

fundamental chemical processes in outer space, in the atmosphere as well as in reactive gas-phase

environments. By unveiling catalysis mechanisms, it also contributes to applied e↵orts, e.g., on how

to to utilize natural gas as a key energy vector and lignin as a sustainable fine chemical feedstock.

Thanks to the increased sensitivity of detection and the new, time-resolved opportunities at SLS 2.0,
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the VUV beamline will be able to maintain its cutting-edge chemical dynamics research and expand

into new fields.

4.1.5 VUV beamline in the PSI research landscape

The VUV beamline is complementary to the SLS beamline portfolio and unique in terms of its energy

range, allowing for valence ionization, and the focus on gas-phase samples. This is also mirrored in the

user community, which is quite distinct, thereby expanding the user base of the SLS. A notable excep-

tion is the study of heterogeneous catalysis, in which gaseous sampling a↵ords us further insights into

the reaction mechanism than attainable by surface-sensitive techniques alone, such as x-ray absorption

spectroscopy.

4.2 Source

The increased detection sensitivity is thanks to the new machine, softer focusing optics, which leads to

smaller spot size in the ionization volume, and endstation upgrades. First, we will profit from higher

VUV flux in the bending magnet spectrum of the upgraded machine. The source characteristics of the

SLS 2.0 bending magnets in the VUV are summarized in Figure 4.3. Because of the 300 MeV higher

electron energy, we expect an increased heat load on the x-ray absorber. Combined with the slightly

lower magnetic field and assuming an unchanged, 8 ⇥ 4 mrad2 (h ⇥ v) acceptance of the beamline,

the overall e↵ect is a somewhat higher VUV flux, predominantly in the high-energy range. For most

intents and purposes, the BM source characteristics will not change significantly in the VUV range

due to the machine upgrade. Currently, the beamline is found on the X04DB port, as the X04DA

axis is occupied by the laser incoupling line of the FEMTO slicing project. Because slicing became

obsolete after the commissioning of SwissFEL, and its host, the µXAS beamline, is moving out from

straight 5, the VUV beamline can move to the central bending magnet in the SLS 2.0 machine, i.e.,

to X04DA.

4.3 Front end

The front end setup is shown in Figure 4.4. In SLS 2.0, the synchrotron ring will become rounder,

which, by definition, decreases the space available upstream the shielding wall. Because of the shift

from the X04DB port to X04DA, the distance to the tunnel wall will decrease by ca. further 0.5 m.

As shown in Figure 4.5, the space gained by removing the FEMTO laser incoupling helps markedly to

accommodate all front end components, but it is probably not su�cient in itself. It is likely that the

absorber will have to be redesigned, and we may have to install movable diaphragms in the transfer

line to tune the flux instead of the front end slits. These changes will allow us to maintain the large,

8⇥ 4 mrad2 (h⇥ v) acceptance of the beamline while shortening the front end.

Currently, the x-ray blocker (6 in Figure 4.4) blocks ±0.1 mrad of the beam center vertically and

absorbs most of the heat load. If its position is unchanged at the tunnel wall, it will be ca. 10%

closer to the source point. In order to maintain the blocked angle, the x-ray blocker will have to be
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Figure 4.3: Bending magnet spectral characteristics in SLS 2.0 assuming 2.7 GeV energy, 8⇥ 4 mrad2

(h ⇥ v) acceptance and 1.35 T magnetic field. The red rectangle indicates the working range of the

VUV beamline.

moved downstream or made slimmer. Additionally, it will absorb 70 W more heat load because of the

increased ring energy.

4.4 Optics

The current beamline setup is ideally suited to mid-resolution (�E/E ⇡ 10�3) valence photoionization

studies from the ionization onset to more than 20 eV. It consists of a collimating mirror, a grazing

incidence plane grating monochromator and a focusing mirror [23]. However, the focus is bound to be

in the rare gas filter [23], which is used to filter out higher harmonics and relies on multiple stages of

di↵erential pumping. The distance from the focus to the ionization volume is di�cult to reduce to less

than 50 cm in photoionization experiments, and refocusing would entail large losses in photon flux.

Before addressing this issue, the beamline will be rebuilt in its current form at its new location X04DA

(Phase 1) immediately after the dark period, to serve the user community as quickly as possible.

Afterwards, in Phase 2 of the upgrade, we intend to change the optical characteristics of the

beamline to allow for a smaller spot size in the ionization volume. This is the second major contributor

to the enhanced experimental capabilities of the VUV beamline in SLS 2.0, as it will improve signal-

to-noise ratios while at the same time increasing the useful flux in the experiment. We will exchange

the focusing mirror to one with a longer focal length, 12m to 17m, to decrease the divergence of the

beam. Because of the larger spot size in vertical focus, ca. 400 µm instead of 300 µm, the photon

energy resolution is going to be ca. 30% lower. However, this will be compensated by the smaller spot
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Figure 4.4: Current front end layout: (1) absorber, (2) fast valve, (3) vertical slits, (4) horizontal slits,

(5) shutter, (6) x-ray blocker after the shielding wall.

size in the experiment, allowing for a higher dynamic range and mass resolution in mass spectrometry

experiments.

4.4.1 Mirrors

The toroidal collimating (M1) and focusing (M2) mirrors have a grazing incidence angle of 12� and a

focal distance of 12m [23]. Their active area is comparable, 218⇥ 94 and 270⇥ 95 mm2, respectively.

M1 is internally cooled, has Pt reflective coating, a Cr binding layer and is made of Cu. In contrast,

M2 is made of Herasil 3. In Phase 2, M2 will be replaced by a softer focusing mirror and the transfer

line lengthened to allow for a smaller spot size in photoionization experiments.

4.4.2 Monochromator

We currently use an in-house developed, turntable-style grazing incidence plane grating monochro-

mator [24] with a blazed (150 grooves/mm for high-flux experiments below 12 eV) and two laminar

gratings (600 and 1200 grooves/mm for studies in the 7–16 and 11–30 eV ranges, respectively). The

grating is the only moving optical element during an energy scan with constant deviation angle of

2⇥ = 130.9� . The beamline is optimized for the 6–30 eV energy range, but delivers light with varying

intensity and a progressively lower resolution up to 100 eV. Normal incidence monochromators o↵er

better higher order suppression, but have a much lower reflectivity. As the gas filter is proven to

deliver superior higher order suppression, the monochromator is well-suited to the beamline as is and

will be kept unchanged.

4.4.3 Filters

Normal and, in particular, grazing incidence monochromators alone provide insu�cient high-harmonic

suppression. VUV beamlines operate di↵erentially pumped rare gas filters [25] or employ thin films [26]

to remove higher order radiation from the grating. The gas filter at the current bending magnet

beamline achieves 106 suppression above the rare gas ionization energies with the help of a 10 cm gas
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Figure 4.5: Repositioning the current front end components. Top: Shifting all components to X04DA

and moving the horizontal slits and the shutter upstream to avoid tunnel wall collisions. Middle and

bottom: compacting the front end to minimize collisions using the current components.

cell operated at 10mbar and allows us to maintain UHV conditions ca. 1m upstream from there [23].

This was the first rare gas filter with a large acceptance of 8⇥4 mrad2 (h⇥v), which allows for its use

at a bending magnet source, and has since been replicated at the Hefei and MAX IV synchrotrons.

However, it can only provide monochromatic radiation below 21.5 eV, the ionization energy of neon.

Thanks to the higher flux in the EUV range at VUV-SLS 2.0, there may be renewed interest in

monochromatized light above 20 eV. If so, we will evaluate and commission thin film filters, similar

to those used at the FinEstBeaMS beamline [27].

4.5 Endstations

Together with the higher bending magnet VUV flux and higher useful flux, due to the revised optics

and smaller spot size, experimental improvements constitute the third pillar of the VUV beamline

upgrade. The setups shown in Figure 4.7 will be used to carry out continuous as well as time-

resolved experiments in the isolated phase. The current double velocity map imaging photoelectron

photoion coincidence (i2PEPICO) endstation [4] will be complemented by a pure mass spectromet-
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Figure 4.6: The current position of the endstation is marked by a star. The dagger shows the endstation

position with the X04DA source. The double dagger shows the endstation position in the current

FEMTO hutch after the focusing mirror is swapped for a softer focusing one. The ellipse shows the

critical region for tunnel wall collisions.

ric experiment, a multi-hit electron TOF spectrometer, as well as a high mass resolution reflectron

coincidence endstation (COREMS). Pure mass spectrometric approaches are neither limited by the

false coincidence barrier, nor are they subject to design compromises due to electron imaging. In

terms of revealing reaction mechanisms, they will represent a reaction microscope with a much higher

magnification than currently available to the user community. These experimental developments are

considered and funded independently from the SLS 2.0 upgrade.

4.5.1 Controls and data systems

O↵-the-shelf controls and locally developed data acquisition solutions have so far been relied on at

the VUV beamline. This is not expected to change. The amount of raw data produced, currently

at ca. 4 TB/a is expected to grow by less than an order of magnitude and will remain manageable

using standard tools. In the future, we will seek the collaboration with the Laboratory for Non-linear

Optics to established pulsed and time-resolved experimental approaches (see Section 4.9).

4.5.2 Sample environment and delivery

The VUV beamline uses a broad set of sample delivery systems and sources stretching from the solid

through the liquid to the gas phase. Figure 4.8 summarises the available and future sources.

We utilize established sources to e�ciently vaporize solid and liquid samples at temperatures from

�20 to 500 �C to produce e↵usive or supersonic molecular beams with sharp translational energy distri-

butions delivering rovibrational ground state samples into the ionization volume. Reactive and elusive

intermediates, such as radicals or carbenes, are routinely produced using hot pyrolysis microreactors
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Figure 4.7: Experimental approaches for valence photoionization in the gas phase: (a) PEPICO with

ion VMI-TOF for high-resolution studies, (b) versatile source chamber, (c) orthogonal extraction

for pure mass spectrometry, (d) coincidence reflectron mass spectrometry approach (COREMS) as

ultimate analytical tool with high mass resolution and low energy resolution imaging capabilities.

Development opportunities for pulsed experiments include (e) resonance enhanced multiphoton disso-

ciation, (f) UV pump for ps time-resolved experiments, and (g) electron magnetic bottle TOF analyzer

for, e.g., multiple ionization.

to obtain spectroscopic fingerprints [28].

Laser photolysis in a quartz glass reactor produces thermally labile species such as peroxy radi-

cals [4]. In addition, their reactivity can be followed on a µs to ms timescale to determine bimolecular

rate constants in combustion and catalysis [29]. The reaction networks in nanoparticle flame synthesis

can be directly investigated using molecular beam sampling, which minimizes quenching of reactive

molecules without disturbing the flame conditions [30]. Recently, we have established pulsed and con-

tinuous catalytic reactors to study reaction mechanisms by detecting the key intermediates directly [6].

In time-resolved experiments, these sources may be complemented by laser ablation, which enables

e�cient production of clusters [31].

Currently we are developing two new sources to address mechanistic questions and intrinsic proper-

ties of condensed matter. A vaporisation is being built to sample chemical reactions in the liquid phase

directly. This will provide unprecedented insights into industrially relevant chemical transformations.

Furthermore, we are planning to commission a sample delivery system to generate an ultrathin free-

flowing sheet of water with a thickness of only 10–100 nm. This promising piece of technology will

ultimately enable VUV experiments in the liquid phase with applications relevant for biochemistry

and biology in the 6–30 eV energy range [32].
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Figure 4.8: Overview of the available and future sources at the (TR-)VUV beamline.

4.5.3 Detectors

We rely on commercially available charged particle time-of-flight and imaging detectors from our sup-

pliers, such as Jordan TOF Products, Inc. and Roentdek Handels GmbH. Photon flux and absorption

measurements are performed utilising calibrated IRD photodiodes from Opto Diode. Our current

detector portfolio is su�cient for all developments discussed herein.

4.6 IT requirements

Thanks to the increase in flux and also to the possibility of pump–probe experiments in the long run,

data acquisition rates are expected to increase by ca. an order of magnitude. However, this will still

put the VUV beamline among the less data intensive beamlines at SLS 2.0, and standard approaches

will serve IT needs well.

4.7 Timeline

4.7.1 Planning

The VUV beamline will be disassembled and rebuilt in the same overall area in Phase 1, but because

of the new source point, it will be shifted downstream by ca. 1 m and 1.2°. Because of the large beam
size, the shielding wall will have to be revised. The lead enclosure for the collimating mirror on the

outside of the tunnel will have to be enlarged to accommodate the shifted x-ray blocker and collimating
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Figure 4.9: Project schedule for the VUV beamline upgrade.

mirror. The remaining beamline components (monochromator, focusing mirror, transfer line) can be

moved and reassembled without change. Figure 4.9 summarizes the time line of the construction and

assembly of the new VUV beamline in SLS 2.0.

4.8 Risks

Because of the comparable simplicity of the beamline optics and the straightforward albeit sizeable

shift in the beamline axis, the VUV beamline upgrade is a low-risk project. Because of the shift in

the source point, the front end needs to be shortened significantly. This represents an engineering

challenge, with the fallback option of moving the beam defining apertures from the FE to the transfer

line.

4.9 Outlook – time-resolved approaches

Although time-resolved studies and (ultra)fast experiments are seldom associated with synchrotron

light sources, slicing in the hard x-ray regime was also pioneered at the Swiss Light Source [33]. Seeing

how far seeding techniques have evolved recently, innovative time-resolved research could find a home

in SLS 2.0 thanks to coherent and echo-enabled harmonic generation. This could be a distinguishing

feature of SLS 2.0 among 4th generation light sources, and would contribute to keeping large-scale

facilities at Paul Scherrer Institute unique in the world.

Thanks to novel seeding techniques, short and intense light pulses at high repetition rates are now

within reach also at synchrotron light sources. We propose to exploit these techniques first in the VUV,

then also in the soft x-ray regime to broaden the science case of SLS 2.0 in the long run. Coherent and

echo-enabled harmonic generation (CHG and EEHG) produces femtosecond to picosecond pulses at

high brightness and repetition rate, putting such light sources between incoherent synchrotron sources

and free-electron lasers. Such a light source would allow novel chemical dynamics experiments at

all chemically relevant timescales from fs to ms at a new TR-VUV beamline. It would enhance our

ability to identify and characterize reactive intermediates and reveal reaction networks far beyond

today’s state of the art; it would enable the study of molecules and ions with unprecedented spectral

resolution, as well as a new class of VUV pump-probe experiments to study molecular dynamics, such
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as tautomerization, isomerization, and solvation. A HG-VUV test bed could be conceived for the

development of CHG and EEHG at SLS 2.0 and profit from the high spectral intensity; high average

flux; and qualitatively higher peak fluence that synchrotron source based harmonic generation o↵ers.

Our ultimate goal is to operate a TR-VUV and soft x-ray beamlines in a new EEHG section for

chemical and materials science at SLS 2.0.

CHG and EEHG are currently in development at DELTA [34,35]. To our knowledge, the undulator-

based VUV beamlines at ALS, SOLEIL and Elettra have not considered harmonic generation related

to the upcoming machine upgrades. Thus, a TR-VUV project at SLS 2.0 would likely be a unique light

source worldwide, and its competitive edge would be maintained over at least several years because of

the intensive machine development needs. Depending on the repetition rate, the TR-VUV beamline

could deliver several orders of magnitude more average flux at a far higher peak fluence and spectral

density than available elsewhere.

As seen in Table 4.1, commercially available HHG systems as well as laser systems being developed

in academia deliver comparable repetition rates and only slightly lower flux than what is available at

large scale facilities. We organized a VUV workshop to understand the competitive edge these tabletop

systems and free-electron lasers may o↵er now and in the foreseeable future (see https://www.psi.

ch/en/sls/vuv/vuv-workshop-2018 for the program). Large-scale facilities continue to be superior

radiation sources overall, as their tuneability, dependability and raw flux are better or higher than that

of lab-based alternatives. Nevertheless, there are applications, e.g., in surface sensitive techniques,

where laser sources start to be viable alternatives to synchrotrons, particularly at low photon energies.

However, even in these areas, the larger tuneability, polarization control, and flexibility of large-scale

facilities trump the generally lower funding need for lab-based sources. Furthermore, synchrotrons

and free-electron lasers bring researchers together and foster synergies and cross-pollination of ideas

in ways that are hard to replicate in laboratories. This was raised as a possible explanation why

such light sources may be more productive than tabletop sources even when their specifications are

comparable. Furthermore, we could build on synergies among HG projects at PSI from ATHOS to

extending HG towards hard x-rays at PORTHOS/SwissFEL.

Alternatively, we could capitalize on the know-how of the Laboratory for Non-linear Optics together

with the availability of the FEMTO laser hutch to couple laser-based harmonic generation sources to

the experimental environment of the VUV beamline. As shown in Table 4.2, the availability of short

VUV pulses would open up new avenues in reaction dynamics research irrespective of the photon

source. These developments are foreseen after the SLS 2.0 upgrade has been completed and will

ensure that the VUV science at PSI and its application to chemistry problems remain competitive for

decades to come.

4.10 Concluding remarks

We would like to acknowledge the contributions of David Just and Andreas Streun regarding the

bendling magnet upgrade. Sven Reiche, Eugenio Ferrari, Bernard Riemann, Volker Schlott, Andreas

Streun, Thomas Schmidt, Marco Calvi, Terence Garvey, Uwe Flechsig, Ulrich Wagner, Adrian Cava-

lieri, Yunpei Deng, Adriano Zandonella, Nicholas Plumb, Milan Radovic, Ming Shi, and Phil Willmott

helped us explore state-of-the-art time-resolved approaches and contributed to the outlook.

https://www.psi.ch/en/sls/vuv/vuv-workshop-2018
https://www.psi.ch/en/sls/vuv/vuv-workshop-2018
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h⌫ / eV lg (flux / s�1) Rep. rate Pulse t FWHM / meV Pulse E

HHG

KMLabs RAEA 40 13 25 kHz 15 fs 120 <5 nJ

HP + Xuus1 20 13 30 kHz 15 fs 120 3 nJ

CLF Artemis2 30 9 1 kHz 30 fs 100 9 pJ

Cavity enhancement3 40 11 88 MHz 100 fs 65 20 fJ

High rep. rate OPCPA4 22 12 500 kHz 20 fs 110 20 pJ

FEL

FERMI FEL-15 12.4–65 17 50 Hz 50–100 fs <100 100 µJ
DCLS6 8–24 16 50 Hz 500 fs <100 40 µJ
ELBE7 5–25 21 <5 MHz 200 fs <100 30 µJ

EEHG S.R.

long pulses 10 14 10 kHz 1 ps <2 80 nJ

high rep. rate 100 12 100 kHz 100 fs <100 1 nJ

Table 4.1: Comparison of table-top HHG, FEL and EEHG synchrotron radiation, in part com-

piled by Yunpei Deng. 1Communicated by Nicholas Plumb, 2https://www.clf.stfc.ac.uk/Pages/

XUV-beamlines.aspx, 3Corder et al. [36], 4Puppin et al. [37], 5https://www.fels-of-europe.eu/

fel_facilities/x_ray_facilities/fermi/, 6Qiang Gu, Tenth International Workshop on High-

Gradient Acceleration, HG2017, 7pending proposal, according to private communication with Pavel

Evtushenko.

Spectral intensity Average flux Peak fluence

Value �E
E ⇡ 10�5 @ 20 eV
(ps coherent pulse)

1013�15 s�1 @ 10 eV
(1� 100 kHz rep. rate)

1025 s�1mm�2 @ 10 eV

Edge 103 over SOLEIL 103�4 over SLS 1.0,
101�2 over best available

Same number of photons in one
pulse as in 1 s now in a 105

smaller focus

Case Rydberg atoms,
molecules, and ions

Dilute systems, chemical dy-
namics and reaction networks
in, e.g., catalysis

VUV-pump–probe experi-
ments; molecular dynamics:
isomerization, tautomerization,
solvation; excited neutrals

Table 4.2: Three distinguishing features of HG-VUV radiation.

https://www.clf.stfc.ac.uk/Pages/XUV-beamlines.aspx
https://www.clf.stfc.ac.uk/Pages/XUV-beamlines.aspx
https://www.fels-of-europe.eu/fel_facilities/x_ray_facilities/fermi/
https://www.fels-of-europe.eu/fel_facilities/x_ray_facilities/fermi/
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Operando photoelectron photoion coincidence spectroscopy unravels mechanistic fingerprints of

propane activation by catalytic oxyhalogenation. The Journal of Physical Chemistry Letters,

11(3):856–863, 2020.

[23] Melanie Johnson, Andras Bodi, Lothar Schulz, and Thomas Gerber. Vacuum ultraviolet beamline

at the Swiss Light Source for chemical dynamics studies. Nucl. Instrum. Methods Phys. Res. A,

610(2):597–603, 2009.

[24] Andras Bodi, Patrick Hemberger, Thomas Gerber, and Bálint Sztáray. A new double imaging
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Chapter 5

QUEST – a cutting-edge toolset for
electron spectroscopy of quantum matter
Matthias Muntwiler, Andreas Pfister, Patrick Ascher, Ming Shi, Mi-
lan Radović, and Nicholas Plumb

In a nutshell

Quantum materials are characterized by couplings between multiple degrees of freedom,

and/or nontrivial band topologies and are of keen interest due to their intriguing funda-

mental physics, as well as their potential applications in electronics, sensing, data storage,

and quantum computing. The QUEST beamline is conceived as an unparalleled facility for

comprehensive spectroscopic studies of quantum matter, including size- and dimensionality

e↵ects, such as in device-like structures. QUEST will be realized by merging the scientific

programs, instrumentation, and expertise of the SIS and PEARL beamlines in Sector 9

of SLS 2.0. It will deliver photons from 15 to 2000 eV to two endstations: (1) ULTRA,

optimized for the vacuum ultraviolet range, will specialize in angle-resolved photoemission

spectroscopy (ARPES) with ultrahigh energy and momentum resolution, spin resolution, and

temperatures down to 4 K; (2) OPERA will be geared toward ARPES and x-ray photoelec-

tron di↵raction experiments in the soft x-ray range. It will be equipped for operando device

studies and spatially-resolved ARPES down to ⇠ 1 µm. The two endstations will connect

to a shared instrument cluster for sample growth and scanning tunneling microscopy. Com-

bined, these techniques will directly probe characteristics such as momentum-space electronic

structure and spin texture – correlated with real-space spectroscopic mapping – with extreme

performance in systems ranging from single crystals to thin films, molecular networks, and

functioning quantum devices. The unique and powerful combination of capabilities will in-

teract synergistically, forging a new scientific program that brings new research opportunities

and promises a high scientific return on investment. The quick ramp-up of the beamline, end-

stations, and scientific program opens the door to ‘Phase II’ development of novel ARPES

stations with an unprecedented combination of ultrahigh energy/momentum/spin/spatial

resolution, ultralow temperature, and ultimate possibilities for integrating operando mea-

surements and multi-technique spectro-microscopy correlation studies.

–49–
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5.1 Overview

Quantum materials and novel phases characterized by exotic properties arising from electronic correla-

tions and/or nontrivial band topology are positioned as science and technology drivers of the coming

decades [1–4]. A key goal is to elevate quantum materials to the level of miniaturized, integrated

technologies via elaborate investigations of contacted, nanoscale device setups. Thus the challenge for

research lies not only in revealing and understanding the electronic states responsible for the behavior

of these systems, but also in manipulating the materials in order to further explore, fine-tune, and

eventually utilize these quantum phenomena in novel electronic devices. This demanding research

not only pushes the spectroscopic boundaries of energy-, momentum- and spatial resolution, but also

requires a new level of experimental integration, bringing together numerous complementary tech-

niques for sample (micro-/nano-)fabrication, preparation, and spectro-microscopy investigation in an

operando setup.

The QUEST beamline will synergistically merge the scientific programs, advanced instrumentation,

and technical expertise of the former SIS (Surface and Interface Spectroscopy) and PEARL (Photo-

Emission and Atomic Resolution Laboratory) beamlines in Sector 9 of SLS 2.0. Undulators in the

long straight section will supply photons spanning the vacuum ultraviolet (VUV) and soft x-ray (SXR)

range of 15 to 2’000 eV. A pair of cutting-edge endstations, designed to leverage the lower and upper

regions of this energy range to maximum advantage, will operate on separate branches while being

coupled together via an all-in-situ system for sample growth, preparation, and characterization. While

ARPES was once used almost exclusively in basic research, recent industrial usage of the SIS, PEARL,

and ADRESS beamlines at SLS illustrates how the technique has made the jump to application

development. The comprehensive, integrated toolset at QUEST will be aimed at fostering a “lab-to-

fab” pipeline that lowers the barriers for bringing quantum materials into the realm of commercial

devices.

The scientific benefits of combining the SIS and PEARL via a powerful, broad-range photon source

and a sophisticated sample preparation and microscopy/characterization facility will be more than a

simple sum of the instrumentation. The resulting scientific program will exploit the highest perfor-

mance in ARPES energy/momentum resolution and cryogenic temperatures, and also develop the next

generation of local operando spectro-microscopy experiments. The PEARL beamline has pioneered the

use of scanning probe techniques in combination with synchrotron-based photoelectron spectroscopy

and providing state-of-the-art in situ sample preparation methods [5]. The current scientific focuses

of the PEARL beamline are in-situ and operando spectro-microscopy correlation experiments at the

surfaces of novel functional materials, supramolecular architectures [6], micro- and nanostructures [7],

and two-dimensional materials for electronic and spintronic device applications [8, 9] in future quan-

tum technologies. Meanwhile the SIS beamline o↵ers world-class performance in high-resolution and

spin-resolved ARPES that has placed it at the forefront of research in condensed matter physics and

materials science during last 20 years. Highlights have included the experimental realization of helical

massless Dirac fermions [10]; identifying the first Weyl nodes and associated topologically non-trivial

Fermi arcs in solids [11]; and the full mapping and discovery of the giant spin splitting of the 2-
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dimensional electron gas at the surface of SrTiO3 [12, 13], which has opened new pathways for novel

devices. In addition, the SIS beamline has established the first successful integration of ARPES and

pulsed laser deposition film growth for in situ studies of complex heterostructures [14].

With the new QUEST beamline, we aim to address fundamental and technological issues in the

forefront of research in condensed matter and to explore/identify exotic physical properties of novel

quantum materials. Examples include: the symmetry of electron pairs in unconventional super-

conductors; the BCS-BEC crossover in pairing behavior; the emergence of superconductivity from

two-dimensional systems; the electron correlation e↵ects in ‘magic angle’ twisted bilayer graphene

and other twisted layered systems; electronic states that encode high-order topological invariants; the

correlations leading to fractional quantum Hall e↵ects; and massive and massless quasiparticles with

and without definitive chirality. These studies will not only significantly advance our knowledge in

condensed matter physics, but also lay the scientific groundwork for the application of novel quantum

materials in modern industry.

5.1.1 Methods

Angle-resolved photoemission spectroscopy (ARPES) is a key player in quantum-materials research,

as it is the most powerful, direct method to probe the E-vs.-k electronic structure of solids, yielding

rich information about the symmetries, topologies, and interactions that endow these systems with

their astounding characteristics. The instrumentation used for ARPES supports many specialized

flavours of PES like chemical analysis (XPS), valence-band spectroscopy and Fermi-surface mapping

(ARPES) and photoelectron di↵raction (XPD). O↵ering high photon flux, variable photon energy,

small spot size and tunable polarization, synchrotrons have become indispensable radiation sources for

ARPES. Tunable photon energy is required in energy-scanned XPD and resonant Auger/photoelectron

spectroscopy, and can be used to control the escape depth, the photoemission cross-section, and the

perpendicular momentum (kz) for 3D k-space mapping. Full polarization control furthermore enables

experiments based on circular and linear dichroism e↵ects – e.g. to detect the orientation of molecules,

electronic and magnetic states, or to probe the orbital characters of electron bands.

As a powerful, direct real-space probe of electron states, scanning tunneling microscopy (STM)

is a natural complement to ARPES that allows for quick assessment of sample quality and provides

reference topography maps of measured samples. In addition, in spectroscopy mode, the density of

states above and below the Fermi level can be probed on specific sites and correlated to corresponding

spectral information from ARPES. Important breakthroughs have been achieved in non-contact atomic

force microscopy where now, with the same instrument, topographic and electronic structure can be

investigated on the atomic level. Spectro-microscopy correlation at present is an increasingly essential

prerequisite to solid scientific work as complex materials are often challenged by local degradation and

the material characteristic changes at interfaces, and for structures of di↵erent topology, dimensions

and shape. Ideally it is the goal to determine the electronic and DOS information at the same

location of a complex material and within an operated device - at the best resolution of photoelectron

spectroscopy and at the position of a single atom.

Photoemission and tunneling techniques are inherently surface sensitive. They need to be per-

formed on fresh, pristine sample surfaces preserved in a UHV environment. While certain surfaces
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can be prepared by simple cleaving or ion bombardment and annealing, others need to be synthesized

and studied completely in situ. Pulsed laser deposition (PLD) and molecular beam epitaxy (MBE)

are sophisticated methods for thin film growth with layer-by-layer thickness control. When coupled

through a UHV transfer system, these techniques can be used to extend ARPES beyond traditional

single-crystal samples in order to perform experiments on non-cleaving (e.g., cubic) systems and het-

erostructure interfaces, and to manipulate material properties in new ways (e.g. substrate-induced

strain).

Therefore the new QUEST beamline at SLS 2.0 will develop and o↵er to the community:

• ARPES at ultralow temperature to study the electronic structure upon approaching the ground

state and to access low-energy scale phases;

• high energy-resolution to unveil various instabilities and to identify novel low-energy excitations;

• high momentum and spin resolution for investigating low-carrier-density systems, e.g. semicon-

ductors, semimetals, topological and quantum well systems;

• angle- and energy-scanned XPD to resolve local atomic structure of electronically and magneti-

cally active sites in three dimensions with chemical specificity;

• complementary photoelectron spectroscopy-based techniques, such as resonant ARPES, core

level spectroscopy, and linear/circular photoemission dichroism for probing properties such as

chemical composition, orbital character, or time-reversal symmetry;

• STM and transport measurements to study the electronic structure in parallel with ARPES;

and

• micro/nano-ARPES to study small and inhomogeneous samples, patterned surfaces, as well as

non-local transport e↵ects;

• capabilities for operando ARPES studies of working quantum devices (e.g. under applied gate

voltage);

• UHV-coupled MBE and PLD growth chambers for synthesizing and engineering novel thin-film

and heterostructure systems;

In particular, the beamline will specialize in angle-resolved photoelectron spectroscopy in a wide

range of photon energy from vacuum ultraviolet to soft x-rays. It will combine spatially averaged spec-

troscopic techniques with scanning probe microscopy in a “laboratory” environment where di↵erent

properties of the sample can be studied and correlated. For instance, spin polarization can be probed

by spin-resolved photoelectron spectroscopy as well as magnetic circular dichroism or spin-polarized

STM, the chemical composition of a material can be measured and put in correspondence with va-

lence e↵ects, and the structure of the surface can be analyzed for di↵erent electronic phases. The wide

photon energy range of the QUEST beamline, covering both VUV and SX ranges enables systematic

and comprehensive investigations of electronic and atomic structure in situ on the same sample.

With this toolset, the new QUEST beamline at SLS 2.0 will unify spectroscopic, sample preparation,

and growth methods at a truly world-class level. This will allow scientists at the SLS to not only

significantly advance general knowledge in condensed matter physics, but also benefit from the best

available experimental infrastructure for the comprehensive study of novel quantum materials in device

applications for industry.
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Property Unit Values

Photon energy eV 15–2’000

Photon flux /s/0.1%BW 1014

Energy resolution E/�E 10’000

Polarization LH, LV, C+, C-

Spot size µm 1–100

Table 5.1: Photon beam specifications of the QUEST beamline. Photon flux refers to the estimated

flux on the specimen. The abbreviations are: LH: linear horizontal, LV: linear vertical, C+: right-

hand circular, C-: left-hand circular. The stated energy resolution is the nominal target in the core

operating range of each branchline.

5.1.2 Uniqueness compared to other present and planned beamlines worldwide

Most competing photoelectron spectroscopy beamlines at other synchrotron facilities focus on one

particular aspect in a limited photon energy range or optimized on a specific parameter, such as high

resolution, high flux, spot size, or low temperature. To our knowledge, QUEST is currently the only

ARPES beamline covering the energy range from 15 to 2000 eV in situ, and thus giving access to

valence band and core levels at the flip of a switch. With the auxiliary deposition chambers and

the scanning probe microscope the beamline also features a unique combination of sample growth

methods, microscopic characterization tools and two world-class ARPES measurement setups. The

ARPES endstations’ combined performance will be able to go head-to-head against other world-leading

instruments in terms of temperature; energy and momentum resolution; operando capabilities; small,

high-throughput focusing; and 3D spin resolution.

5.1.3 Impact of the new ring brilliance

While brilliance is not the ultimate benchmark of a photoelectron spectroscopy beamline, QUEST

profits in many ways from the advancement of storage ring and insertion device technology in SLS 2.0:

As described in Chapter 2 and Section 5.2, the whole photon energy range of QUEST can be covered

by two undulators, where each operates on the fundamental line and is fully linearly or circularly

polarizable over its respective energy range. The lower aspect ratio of the beam due to the lower

horizontal emittance allows for better focusing on the sample. The lower divergence reduces optical

aberrations along the beam path, which, in turn, increases energy resolution. Finally, the KNOT

undulator design reduces the heat load on the optical elements, which leads to better stability.

5.1.4 Complementarity to other PSI BLs

QUEST will have strong scientific overlap and complementarity with the SX-ARPES (Chapter 12)

and RIXS (Chapter 13) beamlines of SLS 2.0, as well as other solid state spectroscopy beamlines,

namely X-Treme (Chapter 10), SIM (Chapter 9) and ATHOS (SwissFEL). The SX-ARPES beamline,

foreseen to operate in the range of 400 to 1’600 eV, is especially tuned toward the tasks of full
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3D k-space mapping and probing buried heterostructure interfaces – quantum materials systems in

which QUEST has a mutual interest. These experiments require particularly high photon flux and

energy resolution, which calls for specialized tuning of the optics and endstation that the SX-ARPES

beamline will deliver. QUEST’s core strength, on the other hand, lies in o↵ering a wide range of photon

energies, measurement conditions, and preparation techniques. Its highest resolution performance will

be concentrated in the VUV regime on the ULTRA endstation, whereas the soft x-ray range will be

optimized for e�cient core-level spectroscopy, photoelectron di↵raction and resonant spectroscopy.

Thus, the QUEST and SX-ARPES beamlines will strongly complement each other’s spectroscopic

abilities and scientific objectives, o↵ering a fully diversified and cutting-edge array of photoemission

techniques in the study of quantum materials. The already substantial amount of joint research among

the existing SIS, PEARL and ADRESS SX-ARPES facilities may be expected to grow among QUEST

and SX-ARPES in SLS 2.0.

RIXS techniques at SLS and SwissFEL are also highly complementary to QUEST’s scientific aims.

While high-resolution ARPES data from QUEST will be able to see signatures of the totality of

interactions a↵ecting electrons in complex systems, soft x-ray RIXS will identify and probe specific

lattice, spin, and orbital excitations with energy, momentum, and even (at ATHOS) time resolution.

The combined knowledge obtained from these techniques can thus be used to decisively untangle the

complex interactions among various degrees of freedom that define many intriguing phases of quantum

materials.

Complementarity with the X-Treme and SIM beamlines is also foreseen, for example, in the field

of magnetic nanostructures, surface-supported molecular magnets and multiferroics, where these two

beamlines can resolve magnetic contrast in the spectroscopic and mesoscopic domain.

5.1.5 Size and impact of community – potential increase through the upgrade

The global ARPES user community is large and has been growing rapidly in recent years. The growth

is driven by the convergence of several factors, including: (1) improvements in the capabilities of

the ARPES technique such as high-resolution ARPES, nano-ARPES, and spin-resolved ARPES; (2)

the critical importance and applicability of ARPES data for the field of quantum materials science,

paired with the rising interest in quantum materials in the realms of novel devices and quantum

computation; and (3) the surging number of quantum materials research groups, especially in China.

The fact that so many quantum materials research groups have set up their own laser-/lamp-based

ARPES systems in university labs seems not to have diminished the demand for synchrotron-based

ARPES, as synchrotron-based ARPES complements “tabletop” experiments, thanks to its greater

flexibility in terms of photon energy range, polarization, and focusing. If anything, the availability of

tabletop systems has drawn more attention and users to the technique, who in turn often seek out

synchrotron-based ARPES facilities to pair with their own in-house experiments.

Swiss groups that have traditionally relied heavily on ARPES for their research hail from many

of the major universities and institutes: University of Zürich, University of Geneva, University of

Fribourg, University of Basel, the École Polytechnique Fédérale de Lausanne, and EMPA. The ARPES

beamlines at SLS are also utilized by groups from other PSI facilities and research divisions, such

as SINQ, SµS, ENE and NES. The existing ARPES user community – both globally and within
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Switzerland – stands to benefit enormously from the development of QUEST, which will provide

them with access to a cutting-edge facility equipped with an array of sophisticated tools for a holistic

approach to investigating complex problems in quantum materials research.

The multi-technique integration and capabilities for more applied research promise to attract new

users. For instance, users who have focused on one particular aspect such as electronic structure and

need to better understand atomic structure aspects of their samples. Similarly, groups who have spent

a lot of e↵ort in growing samples under well-defined conditions will want to complement thei

5.1.6 Industrial potential

The ongoing miniaturization of electronic devices, the incorporation of quantum materials, and the

exploitation of quantum phenomena, from spin-based computation to topological e↵ects, is currently

pushed not only by basic research but also industrial R&D. Particularly the demonstration of func-

tional quantum computers has spurred development on all aspects from basic research to device inte-

gration, where established methods like materials growth, lithography and structural characterization

are facing new challenges due to small size and the limits of conventional electronic structure theory.

QUEST will provide a “one-stop-shop” for industrial partners seeking to research novel materials,

characterize nanostructures and test device prototypes, where in situ sample preparation, high reso-

lution and micro/operando ARPES, plus complementary real-space techniques are of key importance.

This plan is specifically informed and motivated by experience with industrial partners so far, who uti-

lize the full battery of existing SLS photoemission beamlines but frequently su↵er from complications

related to performing much of their sample preparation and characterization o↵-site.

5.2 Source

The wide photon energy range from 15 to 2’000 eV required by the scientific methods poses a number of

technical challenges. To cover the whole range with the fundamental or 3rd harmonic, two undulators

with di↵erent period length are necessary. QUEST takes advantage of the fact that the triplet in the

long straight can be shifted o↵-center. This allows the sector to house two undulators of di↵erent

lengths, so that an optimal performance balance can be struck. The proposed upstream device is

an APPLE-X UE36 undulator with 36 mm period length, delivering fundamental radiation in the

soft x-ray (SXR) range of 250 to 1’600 eV. The range is extended up to 2’000 eV by use of the 3rd

harmonic. The downstream device is a 4.5 m APPLE-Knot UE90kn covering the VUV photon energy

range 15 to 600 eV. The undulators are aligned on the same beam axis, so that both beams can be

fed into the beamline (though only one of the devices can be active at a time). The device types are

described in more detail in Chapter 2.

The VUV source is subject to special constraints/challenges and hence chosen with particular

care. While a minimum photon energy as low as 6 to 7 eV would be desirable for enhanced energy and

momentum resolution, as well as bridging the gap between laser and synchrotron sources, the low end is

limited by the divergence of the outgoing beam and the clearance of the downstream bending magnets.

The 90 mm period length can access energies down to 15 eV, which is seen as a reasonable lower limit.

The other challenge is the large high-harmonic background radiation, which would normally deposit
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several kW of thermal load onto the optical elements. The Knot design mitigates this problem by

deflecting the harmonics away from the central axis onto the apertures in the front end.

The combination of UE36 and UE90kn devices thus covers the whole specified photon spectrum

from 15 to 2’000 eV. The overlap of energy ranges lowers the number of situations where a switch of

insertion device is necessary during a photon-energy scan. AppleX devices are chosen for their flexible

control of linear horizontal/vertical and circular left/right polarization.

The calculated photon flux emitted by the insertion devices is plotted in Figure 5.1 and compared

with the existing SIS and ADRESS undulators. Notwithstanding the low-energy cuto↵ being shifted

to 15 eV, the choice of undulators is essentially a no-compromise solution: Not only will the combined

SXR and VUVX sources cover an exceptionally broad energy range with flexible polarization, but

they will also enhance photon flux overall compared to current standards.

Figure 5.1: Photon flux in the central cone of undulator radiation produced by the UE36 and UE90kn

AppleX devices. Linear and circular polarization modes from each device are displayed. Flux curves

from the existing undulators used for ARPES at the SIS and ADRESS beamlines are shown for

comparison.



5.3. FRONT END 57

5.3 Front end

The QUEST front end will be equipped with a diaphragm, a photon shutter, a four-blade slit system,

a beam stopper for radiation safety, and vacuum gate valves (see also Chapter 3). The slit system

defines a variable acceptance aperture of the beamline. It is the most important device to restrict

the photon flux in the beamline and to limit the detrimental e↵ects of optical aberration on energy

resolution and spot size. At the largest aperture, it should accept the full center cone of undulator

radiation, given by the divergence of undulator radiation. The divergence is as high as 0.2 mrad

(half-width) at the lowest photon energy of 15 eV and decreases to 0.02 mrad at 2000 eV. Depending

on the distance to the source, the slit system should thus provide a variable aperture between 0.1 and

4 mm with  100 µm resolution. Most crucially, the front end must be able to dissipate the o↵-axis

power emitted by the UE90 Knot undulator at low energy.

5.4 Optics

Mode ID M1 FM

I VUV-ULTRA UE90kn 1.8� 2.5�

II SXR-ULTRA UE36 1.8� 2.5�

III VUV-OPERA UE90kn 1.8� 2.5�

IV SXR-OPERA UE36 1.5� 1.5�

Table 5.2: Operation modes of the beamline. ID: insertion device; M1: collimating mirror; FM:

focusing mirror; L/R: left/right deflection. The angles are grazing angles.

The optics section accepts the beam from either one of the two insertion devices and delivers it to

any of the two endstations. The beamline concept in its idealized form calls for each branch to deliver

the full available spectrum from the two insertion devices. This will grant each endstation enormous

breadth and flexibility in the types of experiments it can perform. The resulting operation modes

are summarized in Table 5.2. Thus, the optical design of QUEST must overcome the simultaneous

challenges of:

1. delivering the fullest possible spectrum from both the SXR and VUV undulators to each end-

station;

2. optimizing resolution and focusing from both undulator source points (separated by roughly

4 m) to the greatest possible extent; and

3. su�ciently branching the beam to provide space for both endstations.

The conceptual design, shown in Figure 5.2, satisfies these demands rather elegantly through the use

of a cylindrical first mirror (M1). It manages to do so while o↵ering a number of cost savings compared

to other potential designs: There is only a single mirror in the M1 unit and one monochromator shared

between both branches; the existing lead optical hutch of X09L can most likely be reused.

Due to design constraints of the di↵raction-limited storage ring, it is not possible to cant the

undulator sources; hence branching must be handled by the optics section. Due to the grazing reflection
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Figure 5.2: Schematic overview of the QUEST optical layout. UE36: periodic APPLE-X undulator

(250–2’000 eV); UE90kn: k-not APPLE-X undulator (15–500 eV); M1: collimating mirror; FM:

focusing mirror; RM: refocusing mirror; ULTRA/OPERA: endstations.

angles needed in the soft x-ray regime, this separation needs to be generated from the first optical

element in order to achieve su�cient spacing between endstations downstream. Branch separation is

thus achieved by sagittal focusing of M1 to couple the mirror’s focal length to the reflection angle.

By adjusting this angle, M1 can be tuned to collimate the beam coming from either source point.

Hence there is a distinct beam path associated with each insertion device. The collimated beam from

M1 feeds to a plane-grating monochromator (PGM), at which point the separation between the beam

paths is about 40 mm. The beam continues separating as it travels to one of two focusing mirrors

(FM-VUV or FM-SXR), depending on the path corresponding to the chosen insertion device. On each

branch, the beam then travels through an exit slit and refocusing mirror (RM-ULTRA, RM-OPERA)

chamber to reach the endstation. In the case of OPERA, the RM element can be switched between

a toroidal mirror (for conventional focusing) or a flat surface to be used with a micro-capillary in the

endstation (Section 5.4.4).

The beamline concept, as shown in Figure 5.2 achieves a separation of 1.56 m between the two end-

stations. There is likely some flexibility to increase the separation (e.g. by staggering the endstations)

in the final design, if needed.

The monochromator concept is based on the well-established plane-grating monochromator (PGM)

scheme [15] consisting of collimating mirror (M1), plane mirror, plane grating, focusing mirror (FM)
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and exit slit (SL), as shown schematically in Figure 5.2. This scheme provides the flexibility of trading

photon flux versus energy resolution or harmonic suppression by changing the fix-focus constant cff
during operation. High energy resolution (E/�E ⇡ 100000) is required to resolve gaps in the valence

band structured due to electronic correlation e↵ects, or, in the SXR range, to resolve surface shifts and

multiplet splittings of the order of 50 meV. Harmonic suppression is typically important in resonant

spectroscopy where harmonic lines would otherwise cross the fixed final state photoemission peak and

pollute the measured spectrum. The monochromator section is shared by both branchlines.

5.4.1 Filters and slits

The PGM scheme employs a precise horizontal slit in the focal point after the monochromator. The

smallest opening is adapted to the monochromatic beam size taking grating resolution, beam diver-

gence and aberrations into account. Precision mechanics allowing for reproducible slit opening in the

range 5–500 µm is required. Further four-blade slits to control the photon flux and to block stray light

are located at the entrance of the monochromator and the refocusing mirrors, respectively.

No need for filters is foreseen, thanks to the harmonic rejection of the Knot undulator scheme, as

well as the tunable fixed-focusing parameter, cff , of the collimated PGM.

5.4.2 Mirrors

According to Figure 5.2, the beamline employs five mirror units. All mirrors are mounted in UHV

chambers that are positioned along two transversal axes and rotated about three perpendicular axes

by external motors. Some of the units contain two reflective surfaces that can be switched by a vertical

motion, as explained below.

The collimating mirror (M1) is an internally cooled cylindrical mirror shared by both branch lines.

Its deflection angle is set according to Table 5.2. In three operating modes, it is matched to the position

of the source and produces a vertically collimated beam for the PGM. In the SXR-ULTRA mode, the

beam is not collimated but rather slightly focusing with a long exit leg. This can be compensated

in the PGM by choice of a particular cff , as has been done before at the PEARL beamline [16].

The incidence angles are chosen such that the OPERA branch delivers photons up to 2 keV. In the

ULTRA branch, the mirrors are optimized for the lowest photon energy and the upper limit is around

1’500 eV.

After the beam passes through the monochromator (Section 5.4.3) one of three toroidal mirrors

focuses the beam on the exit slit according to Table 5.2. The two VUV mirrors (yellow in Figure 5.2)

are mounted in the same chamber and deflect the beam either to the left or right. A second mirror

chamber houses the SXR focusing mirror for the OPERA branch. Note that the SXR-OPERA and

the other beams pass through the monochromator at an angle of about half a degree. This and the

necessity for three focusing mirrors is a disadvantage of the concept. However, the cost, complexity

and possible loss of precision of two internally cooled collimating mirrors outweigh the drawbacks.

The refocusing mirrors provide a demagnification by a factor of two, which results in a spot size

between 20–50 µm (depending on the source and photon energy). In the OPERA branch, the refocus-

ing mirror also features a flat surface which can be switched to provide diverging beam to the sample

or the micro-focusing unit (c.f. Section 5.4.4.
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5.4.3 Monochromator

The monochromator is a plane-mirror plane-grating monochromator as used before. The combination

of gratings will be capable of covering the range of 15–2’000 eV. Optical elements will be optimized

for high resolving power � 100000 in the range below 500 eV, translating to a resolution of 2 meV

below 20 eV, or 50 meV in the SXR range. Resolution can be further enhanced by tuning the cff
parameter at the cost of photon flux.

The existing monochromators at SIS and PEARL are equipped with 300, 600 and 1200 l/mm

gratings, covering photon energy ranges of 20–2’000 eV, respectively. An upgrade with a 115 l/mm

grating is already in progress at the SIS beamline, with installation foreseen during the 2020/21 winter

shutdown. The actual number of gratings needed to cover the specifications needs to be addressed

in the technical design phase. Due to the wide range of photon energy and the shifted VUV/SXR

beams, the number of gratings and/or the angular range may require a new mechanical solution.

5.4.4 Secondary optics

refocusing mirror micro-capillaryexit slit
sample

normal focus

diverging beam

micro-focus

Figure 5.3: Refocusing options of the OPERA branch. (a) 1:1 image of the exit slit, (b) divergent

beam, (c) micro-capillary with a demagnification of 10:1. (drawing not to scale.)

The OPERA branch will be equipped with a micro-focusing unit providing a spot size of ⇡ 1 µm on

the sample for selective excitation of single domains of ferroic materials, separated structural phases

or parts of micropatterned devices. The micro-focusing unit consists of a capillary with a coated,

elliptical interior shape. The capillary is inserted 3–4 cm in front of the sample and manipulated by

in-vacuum piezo-drives. In a 3 m long refocusing section, a demagnification of 100:1 can be realized

with a theoretical spot size of 0.2-0.5 µm. Compared to other micro-focusing solutions, the advantages

of micro-capillaries are their compact size and achromaticity, i.e. the focal point does not move during
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a photon energy scan. Tight spatial constraints in the analysis chambers of ARPES systems typically

preclude the use of K-B systems, and zone plates are ruled out because of their chromaticity.

The capillary can be retracted from the beam. Together with the two surfaces of the refocusing

mirror unit, three di↵erent spot sizes are available, c.f. Figure 5.3: The standard 2:1 mapping by the

toroidal mirror produces a spot size of 20–50 µm. For radiation sensitive samples, the unit can be

switched to a plane mirror surface which passes the divergent beam to the sample, resulting in a spot

size between 200 and 500 µm.

5.5 Endstations

x-ray
optics

STM

ULTRA
ARPES

ARPES
XPS/XPD PREP

MBE

LL

DIST

USER

USER
LL

PLD

DIST ULTRA

OPERA

low temperature
high resolution
spin detection

spectro-microscopy
    correlation
micro-focus
operando
devices

Figure 5.4: Schematic topology of the QUEST endstations ULTRA and OPERA. The ARPES mea-

surements are done in the main analysis chambers connected to the respective optics branch. The

analysis chambers are connected to satellite systems for in situ sample preparation (PREP) and char-

acterisation via distribution (DIST) chambers. Samples can be introduced via load locks (LL) and

transferred under UHV between the two endstations. Ports for chambers brought by users (USER) are

also provided. These may be adapted for specialized sample preparations (e.g., nanotube structures

or exfoliated 2D materials).

The QUEST beamline will service a pair of complementary endstations, ULTRA and OPERA,

aimed at enabling a broad array of experiments, see Figure 5.4. These endstations are already in

operation at the SIS and PEARL beamlines of SLS. Each is equipped with its own set of advanced

capabilities for sample preparation and characterization, including thin-film growth, surface cleaning,

and scanning-probe stations. ULTRA endstation emphasizes absolute ARPES performance in terms

of energy, momentum, and spin resolution at temperatures down to 4 K for the study of single crys-

tals and crystalline films. These are vital features for exploring the fine spectral aspects – such as
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band gaps, splittings, spin textures, and self-energies due to collective modes – which define many elec-

tronic phases. Meanwhile, OPERA is geared toward soft x-ray ARPES/XPS, photoelectron di↵raction

(XPD) and spectromicroscopy correlation studies of a broad range of complex surface-supported sys-

tems, including molecular networks, two-dimensional materials, nanostructured materials and device

prototypes. An ultrahigh-vacuum sample-transfer system linking the two endstations enables the user

to take full advantage of all preparation and analysis methods provided. The synergy of the two

endstations will allow true multi-technique investigations to be carried out over a wide photon energy

range on the same sample. This level of integration and comprehensive study will set a new standard

in synchrotron-based photoelectron spectroscopy facilities worldwide.

5.5.1 ULTRA: on the cutting edge

The recently-commissioned ULTRA endstation represents a new standard in synchrotron ARPES

instrumentation that combines world-class energy, momentum and (soon) spin resolution, with an

advanced cryogenic system and powerful, flexible data acquisition. The core of ULTRA is a PSI-

designed 6-axis cryogenic sample manipulator capable of reaching temperatures below 4 K (Figure 5.5).

This cutting-edge system is the lowest-temperature true 6-axis ARPES manipulator available at any

synchrotron beamline. Cooling is localized at the sample in order to minimize thermal drift during

temperature changes or long acquisitions.

The advanced manipulator is paired with a state-of-the-art Scienta Omicron DA30-L hemispherical

electron analyzer, which o↵ers an energy resolution better than 1.6 meV, angular resolution of 0.1�,

and up to 30� angular acceptance. The analyzer also features deflector-based scanning (so-called “DA

mode”), which allows ARPES data to be acquired along both surface-parallel momentum directions,

without rotating the sample. While the DA scanning mode is especially useful when dealing with

small, di�cult-to-align samples or sample regions, traditional mechanical scanning is still of high

value thanks its reliability and flexibility.

An approved project co-funded by an SNF R’Equip grant will incorporate a next-generation 3D

Mott spin polarimeter onto ULTRA’s DA30-L analyzer (see Section 5.5.5), allowing for simultaneous

conventional and spin-resolved data acquisition. The detector concept emphasizes high spin polar-

ization sensitivity at the level of 0.1–0.01%, improved e�ciency, and rock-solid stability/reliability.

ULTRA also features a basic set of on-board preparation/characterization tools: MCP-based low-

energy electron di↵raction (MCP-LEED), alkali-metal deposition for surface doping, ion sputtering,

and sample annealing. The combination of high-precision scanning options, 6-axis manipulation, 3D

spin resolution, and 4-Kelvin temperature performance make ULTRA a versatile system for demand-

ing, high-resolution investigations of quantum materials.

5.5.2 OPERA: advanced versatility

The OPERA endstation will be adapted from the PEARL beamline of SLS, which has pioneered the

complementary use of scanning tunneling microscopy and photoelectron spectroscopy at a synchrotron

facility. The main benefit comes from measuring spectroscopic and microscopic properties on exactly

the same sample and from correlating atomic or molecular structure with measurements of electronic

valence states. These features, along with flexible sample preparation techniques, will be carried over
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Figure 5.5: Left: The 4-Kelvin, 6-axis manipulator of the ULTRA endstation. Right: Fermi surface

of Sr3Ru2O7 acquired at 4.4 K.

to SLS 2.0 and complemented with micrometer focusing optics and increased angular resolution in

ARPES, in addition to the higher photon flux, wide energy range and flexible polarization options

provided by the beamline.

The experimental station is divided into the sub-systems shown in Figure 5.4. The photoelectron

spectroscopy system, attached to the high-energy branch of the beamline, is designed as a state-of-

the-art ARPES facility with a precise 6-axis manipulator and a hemispherical electron analyser with

two-dimensional detection. For working with the micrometer beam size, the existing analyser will be

upgraded with an angle-deflection (DA) mode so that mechanical rotation of the manipulator can be

avoided. In contrast to ULTRA, this endstation focuses on a versatile sample environment: the sample

stage features electrical contacts that permit, e.g. operando measurements of device prototypes under

applied source-drain and/or gate voltages. Using a specialized sample holder, the manipulator can

alternatively provide variable temperature programming from 40 K to 700 K.

The low-temperature STM provides real space sample characterization down to atomic resolution.

Standard topography mode allows for quick assessment of the surface quality and reference to mea-

surements at the user’s home laboratory, dI/dV spectroscopy and mapping provides an atomically

resolved probe of the local electron density of states in the occupied and unoccupied region near the

Fermi level. Stable measurements in scanning probe microscopy typically require quiet and vibration-

free environments. At the PEARL beamline this was possible by placing the whole endstation in an

experimental hutch, separate from noisy vacuum pumps, and by adding active damping units under

the frame of the instrument.

5.5.3 Controls and data systems

Controlled devices fall into three categories according to the degree of integration into the beamline

control system: (I) beamline optics and diagnostics that are tightly integrated into the distributed
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control system, (II) closed commercial instruments that are used in connection with beamline controls,

and (III) closed commercial instruments for o✏ine sample preparation and characterization that are

not integrated into the control system.

Controls for category I comprise positioners of insertion devices, optical elements, industrial CCD

cameras, sample positioning as well as analog input and output signals. For these devices, SLS-wide

standards can be used as in the past for optimum synergy.

In category II, most notably, the two electron analysers are controlled by vendor-supplied computer

systems. The systems have a programming interface, which enables their seamless integration into

the high-level measurement application, either via EPICS or another common protocol, so that the

beamline and the detector can be controlled, and data collected within the same user interface. The

high-level application is developed in-house and can be built on a common framework shared with

other beamlines.

Devices of category III are used for sample preparation and characterization, most notably the

STM. These systems are controlled by vendor-supplied, standalone systems and are not integrated

into the beamline control system.

Due to the relatively modest data rate of the detectors (⇡ 1 MB/s , see Section 5.5.5), data collection

and quick analysis can usually be done on regular workstations. For a preview of the collected data,

generic data analysis software programs are used. Beamline-specific routines for browsing, loading, and

viewing datasets, as well as performing basic analysis are developed and maintained by the beamline

sta↵.

5.5.4 Sample environments and delivery

Engineered surfaces and interfaces are a promising platform where novel electronic phases can be

stabilized. Properties of such systems are very responsive to structural distortions and defects, and

much of the relevant physics, and potentially new discoveries are highly localized at the surface or in-

terface. Therefore we are further developing the existing unique combination of in situ growth, STM

and ARPES as a powerful tool for the structural and electronic characterization of ultrathin films

down to one or two unit cells thickness. The facility combines oxide molecular beam epitaxy (MBE),

pulsed laser deposition (PLD), organic physical vapour deposition (PVD), and chemical vapour depo-

sition (CVD) in the same, interconnected UHV system. Such a cluster of sample growth techniques

and characterization methods is new in Switzerland and presently available in very few laboratories

around the world. All growth processes take place in ultrahigh vacuum (UHV) chambers at a base

pressure below 1⇥10�9 mbar to enable sample preparation in a controlled environment and to prevent

contamination of the surfaces. PLD and MBE growth processes are monitored in realtime with layer-

by-layer resolution using high-pressure reflection high-energy electron di↵raction (RHEED). Samples,

substrates and organic powders for evaporation are introduced from ambient or a vacuum suitcase via

a fast-entry lock. The transfer system will be designed in such way that samples can be transferred

in situ between the various preparation, STM and analysis chambers. For more complex, project-

specific sample preparation, quick access ports for user chambers and deposition sources are provided.

Moreover, the preparation chambers provide standard surface science techniques for cleaning by ion

bombardment and annealing by heating up to 1300� C. The grown samples are characterized by low-
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energy electron di↵raction (LEED), x-ray photoelectron spectroscopy (XPS) for chemical analysis,

and scanning tunnelling microscopy for surface mapping down to atomic resolution.

5.5.5 Detectors

Emitted photoelectrons are detected using commercial hemispherical analysers with a two-dimensional

detector (⇡ 1 megapixel) based on a multi-channel plate/phosphor screen/CCD camera stack that

have become standard for ARPES. This setup has advantages in terms of operational simplicity and

throughput, but some drawbacks in linearity and maximum count rate. In the future, micro-strip

or delay-line type detectors might replace the phosphor/CCD unit. Their main benefit would be

better linearity at high count rates. Since the electron yield and resolution is determined by physical

processes before the detector, such an upgrade would likely not have a big e↵ect on the data rate on

the higher application levels.

In addition to the standard 2D detector, the ULTRA endstation will be equipped with a state-

of-the-art ‘NextGen’ Mott spin polarimeter targeted at highly quantitative momentum- and energy-

dependent measurements of 3D spin polarization – so-called ‘spin texture’. Key features of the new

polarimeter will be extreme polarization sensitivity (better than 0.1%), improved stability, and en-

hanced e�ciency relative to existing Mott detection systems. The system will also utilize a side hole in

the exit port of the DA30-L analyzer, allowing both conventional and spin-resolved ARPES data to be

acquired simultaneously. This upgrade will consolidate the current spectroscopic activities at the SIS

beamline within the single endstation, ULTRA. The existing COPHEE endstation for spin-resolved

ARPES will be retired, opening up floor space at X09L for the merger of SIS and PEARL operations.

The new Mott polarimeter is co-funded by an SNF R’Equip grant. The upgrade project is already

underway and will be completed before SLS goes into shutdown.

5.6 IT requirements

While IT demands for photoemission experiments are presently very modest, the spatially-resolved

measurements foreseen in SLS 2.0 could potentially bring a notable increase in storage consumption.

Unfortunately, a rough estimation of these demands is di�cult, as it will depend heavily on the

usage balance of micro-scanning and conventional ARPES techniques. Considering only raw data

from 2D angle- and energy-dependent ARPES measurements (ARPES, XPS, XPD, STM techniques),

the combined storage demands of ULTRA and OPERA would only be about 1 TB per year. But

storage demands would markedly increase for experiments involving spatially-resolved micro-ARPES

measurements. For concreteness, a “typical” scan region of 100 ⇥ 100 µm2 sampled in 1 µm steps

could conceivably generate about 160 GB of data in a few hours, and perhaps multiple TB of data

over the course of a week-long beamtime.

Concerning data transfer, there is no foreseeable need for high-performance IT hardware, as data

is transmitted directly from the CCD cameras to the instrument-control PCs where a first data

accumulation/data reduction step is executed. For typical acquisition modes, data processing demands

are similarly negligible; users currently analyze data o✏ine on standard PCs using some combination

of their own routines and software tools provided by the beamlines. In the future, there could be a
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need for more sophisticated data handling software specific to large, spatially-resolved datasets.

5.7 Timeline

During the operation time of SLS (2021-2023) all design for the beamline, general infrastructure and

hutches will be finished. The procurement for optical elements will follow this process and should be

completed before the dark period. The endstations will be brought into full operation in two phases.

During Phase I, both existing endstations (ULTRA and OPERA), upgraded before the dark period,

will be attached to the beamline as soon as possible and ready for pilot experiments with a first light

from SLS 2.0.

Figure 5.6: Timetable for QUEST beamline. The beamline will be developed and constructed in two

phases. Phase I covers the beamline construction and plug in of two existing endstations. Phase II

is devoted for a development and a construction of the new ARPES endstation with a high spatial

resolution.

5.7.1 Planning

An overview of the planning and the milestones for QUEST beamline project is presented in Table 5.3.

The aim is to have both endstations ready to accept photons as soon as SLS 2.0 delivers them. STM

and sample growth set-ups will be in operation right after the endstations are commissioned.

5.8 Concluding remarks

The coming decade will see a convergence of basic science – discovering and exploiting novel quantum

phenomena – and microtechnology – providing microscopic control over functional materials – which

may culminate in the development of new concepts of viable quantum devices for use in information

technology. This challenging and comprehensive research demands a new level of experimental inte-

gration of various complementary techniques for sample fabrication, characterization, microscopy and

spectroscopy. The new QUEST beamline at SLS 2.0 will provide a laboratory where advanced elec-

tron spectroscopy methods that require the best tunable synchrotron radiation source are employed

to study complex quantum materials and novel device concepts.

The beamline will be realized in two phases:

Phase I A new beamline which operates two insertion devices to cover the VUV and soft x-ray

(SX) photon energy ranges from 15 eV to 2000 eV is developed and commissioned. The existing
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Time Milestone

PHASE I

March 2021 Technical Design (TDR)

December 2022 Procurement of all components finished

July 2024 Infrastructure installed ( beamline, hutches, cabling and controls

January 2025 Endstation 1 (ES1) pilot experiment

February 2025 Endstation 2 (ES2) pilot experiment

April 2025 STM and growth chambers in operation

June 2025 Regular user operation at ES1

June 2025 Regular user operation at ES2

PHASE II

January 2026 CDR of novel ARPES endstation

with nanoscale spatial resolution.

June 2026 TDR of novel ARPES endstation

with nanoscale spatial resolution.

June 2028 Start commissioning the novel ARPES endstation

September 2029 Pilot experiments at the novel ARPES endstation

January 2029 Regular user operation at the novel ARPES endstation

Table 5.3: Milestones for the new QUEST beamline and instruments.

PEARL and ULTRA endstations will be immediately employed at the start of SLS 2.0 operation

to perform experiments and to serve the user community.

Phase II A novel ARPES endstation combining ultrahigh energy, momentum and spin resolution at

(sub-)4 K temperature, nanoscale spatial resolution, and operando capabilities will be developed

to provide the spectroscopic tools for the next decade of condensed matter physics.

The QUEST beamline at SLS 2.0 with advanced photoemission methods (ARPES, XPS, XPD,

XAS), scanning electron microscopy (STM), and advanced growth methods, will be a superior experi-

mental laboratory for creation of novel phases and investigation of electronic properties and quantum

phenomena in surface, interface, and bulk material systems.
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Chapter 6

EUV Semiconductor Metrology and
Interference Lithography Beamline

Iacopo Mochi, Yasin Ekinci, Markus Kropf, Michaela Vockenhuber

In a nutshell

The aim of the XIL beamline is to become a leading infrastructure for advanced semiconduc-

tor technology research and to provide the semiconductor manufacturing community with

extreme ultraviolet metrology and interference lithography capabilities compatible with the

future technology nodes (5 nm and below).

SLS 2.0 will provide a higher brightness which will increase the coherent flux that powers

the XIL endstations. This will allow us to reduce the exposure times and thus the e↵ect

of mechanical instabilities at the nanoscale which constitute a fundamental limit to the

resolution of our platforms. With the upgrade to SLS 2.0, we aim to push the resolution of

our metrology endstation to 20 nm and to turn interference lithography fabrication of sub

10-nm structures into a standard capability for our users.

As a long-term vision, we aim to increase the XIL portfolio of semiconductor metrology

techniques with an EUV scatterometry endstation to investigate the topography and the

material composition of printed silicon wafers and turn the XIL beamline into a metrology

facility for all the steps of the semiconductor device fabrication process.

6.1 Overview

The mission of XIL is the study and development of materials and technologies for semiconductor

device manufacturing, including extreme ultraviolet (EUV) resist films and EUV photomasks used in

the photolithography process. XIL hosts the world most advanced platform for interference lithography
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with a record resolution of 6 nm. [1] XIL provides the semiconductor manufacturing community with

the ability to test materials for current and future technology nodes. [2] The interference lithography

endstation at XIL is also used for the manufacturing of customizable periodic and semi periodic

nano-structures that find application in several research fields. [3] RESCAN, the mask metrology

endstation, is a test platform for the development of novel inspection techniques for EUV photomasks

and pellicles. [1, 4, 5] This tool addresses the fundamental need of the industry to access a↵ordable

and reliable metrology of defects that may a↵ect the semiconductor manufacturing process.

The XIL beamline o↵ers a unique capability to address these increasingly di�cult challenges, to ex-

plore sub-10 nm structures and to provide insights into semiconductor physics, novel devices, quantum

systems, catalysis, and material science.

6.1.1 Impact of the new ring brilliance

The SLS upgrade will make it possible to achieve a significant increase in flux, as shown in Section 6.2.

This will translate directly into a reduction of the exposure times. This constitutes a major benefit

for XIL since it will reduce the e↵ects of thermo-mechanical drifts occurring at the nano scale, one

of the main causes of resolution loss in the interference lithography process. The lensless metrology

activities will benefit from the increased brightness of the source that will translate directly into a

higher coherent flux, which is essential for the performance of coherent di↵raction imaging techniques.

6.1.2 Complementarity to other PSI BLs

The XIL beamline at SLS 2.0 will become a facility where the semiconductor manufacturing scientific

and industrial community will be able to carry out research on advanced materials and technology

for the future photolithography nodes. The beamline will be complementary to cSAXS in the field

of metrology of semiconductor devices. While at cSAXS, users are able to inspect the 3D structure

of a package device, XIL is designed to characterize the photomask at its design wavelength (EUV).

Together, the two beamlines cover the complete range of applications required for advanced research

in semiconductor metrology. Moreover, XIL will provide high-resolution and large-area nanostructures

for the research on devices physics to characterize nanostructured materials and integrated devices at

QUEST and SX-ARPES beamlines. The XIL beamline o↵ers unique capabilities in combination with

the PolLuX and SIM beamlines to study the chemical mechanisms due to the EUV light, which is

of high importance for the development of EUV resists for future technology nodes in semiconductor

manufacturing.

6.1.3 Uniqueness compared to other present and planned beamlines worldwide

EUV lithography: The EUV lithography endstation at XIL is still quite unique. PSIs EUV-IL tool

is the leading tool in the world. Shanghai Synchrotron Source has an EUV-IL beamline dedicated

to resist testing which PSI contributed with technical and scientific support, however its performance

in terms of resolution is still below ours. Currently, the Taiwan National Synchrotron Radiation

Research Center and the Australian Synchrotron Source are considering the possibility of building

EUV-IL dedicated beamlines and we are advising and helping them in the design of preliminary
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Figure 6.1: The plot shows a comparison between the flux of the new source and the flux of the current

XIL source at the SLS. The flux value refers to a bandwidth of 0.1%.

experiments. The only other competitive program for resist testing at a synchrotron facility is the

MET5 at the the Advanced Light Source. However, the MET5 is a micro-exposure tool based on

projection optics rather than on interference lithography.

EUV mask inspection: The only other synchrotron-based EUV mask inspection program is the

SHARP microscope at the Advanced Light Source (bl 11.3.2). SHARP is a FZP-based microscope

and is dedicated to mask review (high resolution imaging of selected areas) while RESCAN is being

developed for mask inspection (defect detection over the full surface of the sample).

6.2 Source

The XIL beamline will share the long straight of sector 5 with SX-ARPES and both beamlines will

have a di↵erent insertion device. However, since no canting is possible with the new accelerator design,

the beamlines will share the front end and the beam time. The XIL beamline source will be a 2 m

Apple knot undulator (U48) and will deliver a flux 3 times higher compared to the current insertion

device, as shown in Figure 6.1. The knot configuration was preferred to the Apple X periodic design,

which would have delivered a higher flux, because of the reduced thermal load on the first mirror.

The undulator will be configured for optimal performance at 92 eV, but will be able to operate up to

⇠ 600 eV.
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6.3 Optics

The optics conceptual layout of the XIL beamline is illustrated in Figure 6.2. The first mirror, M1,

will be hosted in a dedicated chamber and will deflect the beam by a total included angle of 168o and

focus it on a plane where a set of apertures will be installed. The purpose of these apertures is to

control the spatial coherence of the beam, remove aberrations and control the flux. In the current XIL

configuration we use circular apertures with diameter ranging from 10 to 100 µm. The apertures are

mounted on a motorized plate and can be easily substituted to accommodate any experimental need.

After the apertures, the beamline is divided into two branches.

6.3.1 Lithography branch

The lithography branch makes use of the pink beam. The interference lithography endstation requires

a uniform beam over an area of about 500 ⇥ 500 µm2. To approximate this condition and ensure

an adequate beam intensity stability, a beam diameter of 3 mm is necessary at the entrance of the

endstation. To fulfill this requirement a collimation mirror (CM) is added just before the entrance

port of the endstation.

6.3.2 Metrology branch

The metrology branch requires a monochromatic beam with �/�� � 1500. This is achieved by means

of a spherical grating monochromator (SGM). The monochromator’s grating deflects the beam and

focus it horizontally on the exit slit plane. The grating can be moved in and out the beam path to

select the beamline operating branch. The exit slits are adjustable in both axis to control the temporal

coherence of the beam and the flux level. In this design, the beam horizontal focus is located at the exit

slit of the monochromator and the vertical focus lies on the aperture plane before the monochromator.

To correct the astigmatism induced by this configuration, a refocusing toroidal mirror, FM1,is required

at the entrance of the endstation.

6.4 Endstations

Preventing the contamination of the samples is a key requirement for the majority of the experiments

carried out at the XIL beamline. For this reason, the endstations need to be kept in a cleanroom

environment (class  1000), and a sample preparation and processing area (class  100) is also

required as shown in Figure 6.3.

6.4.1 XIL

The endstation of XIL is dedicated to extreme ultraviolet (EUV) interference lithography for the

evaluation of novel resist materials capable of supporting patterns with critical dimensions lower than

10 nm.

In the interference lithography endstation, a mask with specifically designed di↵raction gratings is

illuminated by a spatially coherent beam of EUV light (� = 13.5 nm) [1, 6]. First-order di↵raction
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Figure 6.2: XIL optics layout. The XIL beamline is projected towards the wall with the first mirror,

M1, and is divided into a coherent branch, used for the metrology endstations and a branch using the

pink beam which serves the lithography endstation. The figure is not to scale.
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Figure 6.3: Schematic footprint of the XIL beamline at sector 5.

beams overlap and generate an interference pattern on the surface of a coated wafer. The mask mount

is equipped with a stepper motor with a resolution of 100 nm to adjust its position along the direction

of propagation of the beam in order to control the distance between the mask and the sample. The

sample, usually a 4-inch wafer, is installed on 2D stages that move in a plane perpendicular to the

beam propagation axis. The sample stage is controlled by stepper motors with a resolution of 50 nm.

The endstation is enclosed in a vacuum chamber and operates at a pressure of 10�7 mbar. The vacuum

chamber is installed on an optical table with a passive vibration insulation system.

EUV-IL generates a well-defined and aberration-free aerial image and is a simple yet powerful

method to create high-resolution periodic nanostructures over large areas and for the fast and low-

cost characterization of EUV lithography resists. The XIL beamline still holds the world record in

resolution in photolithography with 6 nm half-pitch resolution [7] and users routinely expose patterns

with 10 nm critical dimension, which makes XIL the world most advanced platform for EUV resist

testing. The XIL endstation can also be used with di↵erent di↵raction masks geometries to print

contact arrays or quasi-periodic structures that find application in several nano-fabrication fields.

As part of the transition to SLS 2.0, the endstation will be upgraded to include a load-lock for clean

sample handling and a new active vibration-damping system. In addition, the mask and the sample

stages will be modified to include interferometers to monitor and correct mechanical and thermal

drifts.
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Figure 6.4: Conceptual optical design of the XIL endstation. A. The central part of the EUV beam,

with intensity I0, illuminates a Si3N4 membrane with a nickel central stop S and two HSQ gratings

(G1 and G2). The first order di↵raction beams I1 and I2 overlap at a distance h on the sample plane

c. B. The intensity of the interference pattern on a point P can be calculated from the optical path

di↵erence MP �NP and results in a sinusoidal profile with half the period of the gratings.

6.4.2 XMET1

The XMET1 endstation is the upgraded version of RESCAN, a lensless microscope dedicated to

the inspection and review of EUV photomasks. The conceptual drawing of XMET1 is shown in

Figure 6.5(b). The endstation will consist of a vacuum chamber installed on a concrete block with

a passive vibration insulation system. The pressure in the vacuum chamber is kept at 10�7 mbar.

XMET1 will be equipped with a Fourier synthesis illuminator, shown in Figure 6.5A, to control the

angle of incidence of the beam on the sample without altering its coherence properties. The beam from

the exit slit of the monochromator will be focused by a paraboloidal o↵-axis mirror (M1) in proximity

of the pivot point of M2, a flat tip-tilt mirror with an angle range of ±3 deg around the vertical and

horizontal axis. The beam will be refocused on the sample by an ellipsoidal mirror (M3). The foci

of M3 are located on the pivot point of M2 and on the center of the sample to keep the illumination

spot in the same position while changing the illumination angle. All the mirrors will be coated with

a gradient multilayer to maximize their reflectance at 13.5 nm.

The di↵racted light is collected by an EUV CCD detector. The CCD detector might be substituted

with two tiled EUV-compatible JUNGFRAU modules [8] which are still under development and will

be able to provide a data acquisition speed improvement of 4 orders of magnitude.

The sample consists in an EUV photomask, a multilayer-coated low TE material plate with a size
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of 150⇥150⇥6 mm. The sample is inserted into the vacuum chamber through a lateral load-lock with

a robotic arm and is kinematically mounted on a XY stage with 300 mm travel in both directions

and an 3-axis interferometer for sub nanometer position control.

XMET1 will be equipped with a visible-light microscope to assist the navigation of the sample as

shown in Figure 6.5B.

The current resolution of the RESCAN endstation is 36 nm. The optical system design of XMET1

will bring the resolution of the reconstructed image to < 20 nm and will enable flexible illumination

settings to investigate the topography of the sample surface.

Figure 6.5: A. Optical layout of the XMET1 endstation. B. XMET1 conceptual drawing.

6.4.3 XMET2

The XMET2 endstation is a new soft x-ray scatterometry platform for wafer and generic surfaces

metrology that will be swapped with the XMET1 endstation when necessary. Its conceptual design is

shown in Figure 6.6. The beam will be focused on the sample with a fixed, compact KB system and

will have an energy that can vary between 30 and 250 eV. The sample will be installed on an XY stage

with a travel range of 300 mm along both axes. A goniometer will be used to change the incidence

angle of the beam on the sample from 0 to 20 degrees and an in-vacuum CCD detector, mounted on

a rotation stage, will collect the scattered signal. The system will be installed in a vacuum chamber

with a lateral load lock and will operate at pressure of 10�7 mbar.

6.5 Timeline

XIL will have to be relocated to Sector 5. This will adds some complexity to the upgrade process and

will require a careful e↵ort coordination between all the involved stakeholders. The upgrade process

will start with the procurement of the new mirrors M1, FM1 and CM and the chambers for two

of them. This will start as soon as the funds are available. Starting form the beginning of the dark
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Figure 6.6: Conceptual drawing of the XMET2 endstation.

period, the current beamline will be decommissioned and its components stored. The decommissioning

process will be completed in a time-frame compatible with the necessities of the new beamline that

will occupy Sector 9. Once the space dedicated to XIL at sector 5 is available the building of the new

beamline will start. This process will include several steps from the installation of beamline itself and

the building of the new cleanroom area and control hutch, to the installation and commissioning of

the new endstations. An ideal timeline for the upgrade of the XIL endstation is shown in Figure 6.7.
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2022 2023 2024 2025

Dark period

New opto-mechanical components

Procurement of new mirrors

Fabrication of M1 chamber

Decommissioning

Decommissioning

Installation

Installation of the new beamline

Building of cleanroom and control hutches

Installation of new end-stations

Beamline commissioning

Figure 6.7: Ideal timeline for the upgrade of XIL.
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Chapter 7

PolLux – A Scanning Transmission
Soft-X-ray Spectro-Microscopy Beamline

Jörg Raabe, Simone Finizio, and Benjamin Watts

In a nutshell

The superior brilliance of SLS 2.0 will directly translate into corresponding performance

improvements for the PolLux STXM, allowing higher spatial resolution, energy resolution

and image quality. In addition, PolLux 2.0 will utilise a novel twin source design that utilises

a second bending magnet source to improve spectral purity and extend the photon energy

range. This will allow microspectroscopy studies of all elements between Li and Br. Reuse

of many existing components minimise the cost and man-hours required to realise these

upgrades.

Further detector and electronics upgrades will improve PolLux’s capabilities for time-resolved

measurements in both time resolution (using methods compatible with normal SLS 2.0 op-

eration) and the range of accessible elements. The SLS 2.0 upgrades will keep PolLux at the

forefront of nanoscale materials science.

7.1 Overview

The PolLux beamline performs nanoscale materials science with an emphasis on organic materials [1,2],

magnetism dynamics [3,4], in-situ environmental cells [5,6], and more recently 3D imaging [7]. To this

end, it combines a simple spherical grating monochromator (SGM) with a scanning transmission x-

ray microscope (STXM). The reduced emittance of SLS 2.0 will provide a significantly more brilliant

bending magnet source that will directly translate into proportionally improved spectroscopy and

microscopy performance for PolLux with only minimal changes required to adapt to the new source
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Figure 7.1: X-ray absorption edges of the elements that are accessible in the current PolLux design

(saturated colour backgrounds) and that will be accessible in the PolLux 2.0 design (pale backgrounds).

Accessible K-edges are indicated with a red background, L-edges with a green background, and M-

edges in blue. A white background indicates that the element has no x-ray absorption edges within

either the PolLux 1.0 or PolLux 2.0 photon energy range.

position. The two major limits on the current performance of PolLux are the photon flux and the

compromise between higher-order suppression and photon energy range. The proposed PolLux 2.0

design addresses these issues through either the addition of a second optical geometry to the SGM

monochromator in a novel twin source design that utilises a second bending magnet source, or by

adopting a PGM monochromator. Both options provide new flexibility for simultaneously improving

spectral purity and extension of the photon energy range, which will allow spectromicroscopy studies

of Be, B, Si, S, P, Cl and Ar through new access to the corresponding absorption edges (see Figure 7.1).

The reason why the energy resolution limits the performance of the PolLux STXM is interestingly

not because of a need for higher resolution spectroscopy, but because the ultra-high resolution Fresnel

zone plates (FZP) now available have much stronger temporal coherence requirements to achieve a

di↵raction limited focus. Since the focal length of a FZP varies with photon energy and the energy

resolution of the illumination is finite, the focus can be said to no longer be di↵raction limited when

the variation in focal length of the illuminating photons exceeds the depth of focus, giving: [8]

E

�E
� N (7.1)

where E/�E is the resolving power and N is the total number of zones in the FZP. This means that,

for example, a FZP with an outer diameter of 240 microns and a 10 nm outermost zone width would

have 6000 zones and requires an equivalent resolving power, which is only achievable at PolLux 1.0

at specific photon energies where the SGM has a good focus on the exit slit. FZPs with even better
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spatial resolution and thus stricter resolving power requirements are already available. [9, 10]

7.1.1 Unique points compared to other beamlines

Imaging techniques are one of the core activities of synchrotron light source facilities, as underlined

by the strong imaging programs of new and upgrading facilities worldwide. Soft x-ray transmission

imaging beamlines are present at several synchrotrons in the world (BESSY II, Elettra, Diamond,

ALS, CLS - to name a few examples), and PolLux 1.0 has established itself as a beamline combining

record-breaking spatial resolution with time-resolved imaging, and the possibility to combine x-ray

imaging with user-specific solutions for in-situ and in-operando experiments. True to this statement,

PolLux 1.0 holds the world record in STXM resolution, with a demonstrated resolution of 7 nm [10],

and has pioneered a novel approach to time-resolved imaging. The success of the PolLux 1.0 beamline,

spearheaded by its specialization in high-resolution and time-resolved imaging, is documented by a

ten-year overbooking ratio of 1.62 and a total of about 200 published papers over the last ten years.

With respect to time-resolved imaging, which is one of the core competencies of PolLux 1.0, only the

MAXYMUS beamline at the BESSY II light source in Berlin o↵ers similar performances (time-resolved

imaging is planned for the Hermes and SoftiMAX beamlines at Soleil and MAX-IV respectively, but

neither is expected to reach temporal resolutions comparable to PolLux and MAXYMUS). Here, a

critical di↵erence between SLS (and SLS 2.0) and BESSY II is that BESSY II o↵ers a low-↵ optics

operation, which allows for the achievement of temporal resolutions of 10 ps at the MAXYMUS

beamline, compared with a temporal resolution on the order of 50 ps for SLS with normal optics

operation. To compensate for this disadvantage, a novel approach to time-resolved imaging, based on

time-of-arrival measurements, combined with the use of specialized detectors has been developed (see

Section 7.5.2 and Reference [11] for more details). As this method requires high statistics to provide

temporal resolutions comparable to the operation of the light source with low-↵ optics, the upgrade

to SLS 2.0 will enable the routine achievement of high temporal resolutions without the disadvantages

connected to low-↵ optics operation, therefore maintaining the competitiveness of PolLux.

Thanks to the collaboration between the PolLux and cSAXS teams, PolLux 1.0 pioneered a novel

soft x-ray 3D imaging method [7], that no other STXM beamline worldwide is able to o↵er. While

developments towards this direction are planned in other facilities (e.g. the proposed CSXID beamline

for the Diamond-II upgrade), those developments lack the expertise and synergetic e↵ort currently

available at PSI. This, combined with the several years of advantage/experience at PSI, guarantees a

leading edge of PolLux 2.0 over proposed competitor beamlines.

For the imaging of organic materials at the C K-edge, PolLux is a favoured instrument due to

minimisation of carbon contamination on the optics [12] and strong higher-order suppression. The

PolLux 2.0 beamline design will result in further improvements in both of these aspects, while also

providing access to the L-edges of P, S and Cl, elements that are often critical molecular components,

but are only available at a few STXM beamlines such as ALS 11.0.2, Soleil HERMES and CLS 10ID-

1. Together, these improvements mean that the imaging of organic materials at PolLux 2.0 will be

strongly competitive with undulator-based microscopes.



86 POLLUX – A NOVEL STXM BEAMLINE

7.1.2 Synergies and complementarities to other SLS 2.0 beamlines

Similarly to PolLux 1.0, the focus of PolLux 2.0 will be on (spectro-)microscopy imaging combining

high spatial and temporal resolutions. Our goal will be to provide a measuring platform compati-

ble with the increasing imaging demands from condensed-matter physics, chemistry, environmental

science, and biology, with the possibility to operate in-situ and in-operando investigations. As men-

tioned in the previous section, thanks to a well-established collaboration with the x-ray optics group

of the Laboratory for Micro- and Nanotechnology of PSI, we currently hold the world record in STXM

resolution (7 nm – see Reference [10]), and the upgrade to SLS 2.0 will allow us to expand the user

base to which this ultimate resolution imaging can be o↵ered. PolLux 2.0 will o↵er, similarly to

PolLux 1.0, a soft x-ray transmission microscopy technique, which directly complements SIM (where

surface-sensitive x-ray microscopy is performed at the PEEM endstation). Furthermore, with the

successful commissioning of the soft x-ray laminographic imaging [7], we will be able to o↵er a com-

plementary measurement method to cSAXS (where a hard x-ray laminography setup is available).

Finally, we will be sharing our expertise in transmission x-ray imaging with the SIM beamline, where

the development of a soft x-ray ptychographic endstation is proposed (see Chapter 9 for more details).

7.1.3 Impact on the STXM user community

PolLux has operated over the last 10 years with an average overbooking factor of 1.62, rising to about

1.81 since 2016. This performance metric indicates a healthy interest from the user community for

the PolLux beamline, which will be further increased by the improvement in the beam performances

promised by the SLS 2.0 upgrade. The user community of PolLux can be divided into two macro-areas,

given by condensed-matter physics, and chemistry/environmental science/biology, each requesting, on

average over the last 10 years, about 50% of the beamtime. In the last five years, the demand for

PolLux beamtime has shifted towards condensed-matter physics, with about 60% of the requested

beamtime.

The proposed PolLux 2.0 upgrade will benefit both communities through the following impacts:

• Higher statistics due to the brighter SLS 2.0 source will translate to improved imaging and

spectroscopy quality as well as an increased rate of measurement.

• The further improvement of the temporal resolution o↵ered by the combination of time-of-arrival

imaging will allow for the investigation of faster dynamical processes, which is currently in high

demand in the magnetism research community, due to the increasing interest in antiferromagnetic

and synthetic antiferromagnetic materials. The upgrade to PolLux 2.0 will therefore enable the

investigation of scientific cases otherwise not possible with the current setup.

• Higher coherence of the beam illuminating the Fresnel zone plate (especially due to better energy

resolution of the monochromator) will improve microscope performance in high-spatial-resolution

measurements.

• Higher throughput of laminography measurements through improvement in imaging times.

7.2 Source

The beamline will continue to use two adjacent standard bend magnets in sector X07D.
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7.3 Front end

The beamline needs standard front ends for bend magnets with ±2 mrad in both the horizontal and

vertical directions.

7.4 Optics

7.4.1 Geometry

A core design decision of any soft x-ray beamline is the choice of angle through which each mirror should

deflect the beam. This is because the angle through which soft x-rays can be e�ciently reflected has a

strong dependence on the photon energy. So while lower energy photons can be strongly deflected by

the beamline mirrors, higher energy photons require low angle deflections for e�cient mirror reflectivity

and so the upper end of a beamline’s photon energy range will be limited by the strongest mirror

deflection. Another issue in soft x-ray beamline design is that higher-order di↵raction contributions

from grating monochromators result in significant spectral contamination that is very detrimental to

transmission experiments such as STXM. While strategic materials choices for mirror coatings and

transmission filters can significantly improve spectral purity, strategic choice of mirror deflection angle

is a far more e�cient method for obtaining a pure spectrum. However, altering the mirror deflection

angles in order to accommodate a wide photon energy range generally requires additional mirrors and

cumbersome realignment e↵orts every time the energy range is changed, meaning extra construction

costs and wasted operation time.

The PolLux 2.0 design uses a novel twin source concept whereby a second, adjacent bend magnet

source is used to illuminate the monochromator gratings from a steeper angle to provide a second

optical geometry, as shown in Figure 7.2. The two beamline geometries can then be separately

optimised for lower and higher soft x-rays without the compromises required in a traditional soft

x-ray beamline design. Switching between these optical geometries is accomplished simply by opening

and closing shutters in the two branches upstream of the grating chamber - with no mirror realignment

necessary. A simple simulation of beamline performance for both the current and PolLux 2.0 designs

is shown in Figure 7.3 and demonstrates the strong performance improvements expected, especially

in the lower photon energies.

7.4.2 Mirrors

The changed source positions and required beam deflections to steer the beam into the grating cham-

ber will necessitate new first mirrors and monochromator gratings with di↵erent curvatures. The

conceptual design of each branch will remain the same, however, with the toroidal first mirror making

a vertical focus on the shared exit slit and a horizontal focus on the corresponding entrance slit.

The higher-order suppressor (HOS) mirrors, with their MgF2 coating, will be obsolete in the new

design, as higher-order suppression in the 250–600 eV photon energy range will be handled by other

aspects of the beamline design. The HOS will therefore be repurposed to provide spectral filtering in

the very soft energy range by recoating the central mirror with a carbon stripe that can be applied

via the existing horizontal translation stage.
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Figure 7.2: Schematic of the PolLux 2.0 beamline layout with the twin source branches visible from

the top view. The monochromator chamber and all downstream components will remain in the same

position, while the first mirrors and entrance slits will reuse components from PolLux 1.0 and NanoXAS

beamlines.

7.4.3 Monochromator

The monochromator, a PSI design of a spherical grating monochromator (SGM) can be adapted to

fit the SLS 2.0 source position. An SGM design has the advantages of minimising reflections (hence

minimising absorption losses) and a reliable photon energy selection that relies on only one mechanical

parameter (grating rotational position). A second bending magnet source can be connected (after

activities at the neighbouring beamline have moved to a new location) to the SGM to provide better

performance in the lower energy ranges. However, extending the photon energy range below 200 eV

will require an extra grating that cannot be easily added to the current SGM and so will require a

new monochromator. Therefore, we will consider switching to a plane-grating monochromator (PGM)

design [13] that will provide similar improvements in spectral purity and extended photon energy

range at the cost of reduced photon flux e�ciency due to extra mirror reflections.

7.5 Endstation

PolLux will continue to use the existing scanning transmission x-ray microscope (STXM) after the

upgrade. The endstation was delivered in 2006, but is kept up to date by continuous upgrades and

improvements. For example, PolLux is one of the two beamline worldwide (besides Maxymus, Bessy),
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Figure 7.3: Photon flux and spectral contamination at PolLux. Upper panel: flux at the current

PolLux design for di↵erent mirror and grating configurations, targeting the energy ranges of (blue)

600–1600 eV, (green) 270–600 eV, (red) 90–270 eV and (magenta) 30–75 eV; Middle: flux at PolLux

2.0. Lower panel: Percentage of 3rd order light in the PolLux 2.0 design.
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where time-resolved magnetism studies with time resolutions down to ⇠100 ps are routinely performed.

7.5.1 Controls and data systems

In 2011 we started to develop, together with an external company, our own STXM control software,

called Pixelator. This provides a flexible and extendable solution, also for future scanning instruments.

Currently this software is also used by the STXM beamlines at Soleil and at Bessy.

7.5.2 Detectors

Currently, the detection setup employed at the PolLux 1.0 endstation is based on single-photon detec-

tion and photon counting. Depending on the energy of the x-ray photons and on whether time-resolved

measurements are being performed, the two photon counting detectors are the following:

• Photomultiplier tube: This detector can be employed across the entire energy range of Pol-

Lux, and consists of a phosphor screen converting the x-ray photons into visible light; the visible

light photons are then detected through a photomultiplier tube (PMT). The disadvantage of this

setup is that the length of the pulses generated by the PMT does not allow them to be employed

for time-resolved measurements.

• Avalanche Photodiode: This detector can be employed for x-ray energies above about 500 eV.

In this case, the x-ray photon generates a set of electron-hole pairs in the junction, which is then

amplified by the avalanche e↵ect in the photodiode (APD). The bandwidth of the APD can be

selected to be higher than the repetition rate of the synchrotron, allowing the use of the detector

for time-resolved measurements, where the determination of the photon arrival time is critical.

A 900 MHz APD is currently in use, and no changes are expected. The disadvantage of the

APD is that its low e�ciency below photon energies of about 500 eV makes its use impractical

in the 270 to 500 eV energy range.

In both cases, a photon is counted if the signal from the detector is above a (selectable) threshold.

In the case of time-resolved experiments, where a pump-probe protocol for the detection is employed,

a fast field-programmable gate array (FPGA) detection setup is employed to determine the electron

bunch from which the detected photon was emitted.

One of the main current limitations in the time-resolved detection setup is given by the assumption

that the x-ray photons are generated at the exact center of the electron bunch. This leads to an

error in the determined time-of-arrival of the x-ray photon given by the width of the bunch. For SLS,

this error is about 70 ps FWHM, and a similar figure is expected for SLS 2.0. This puts a strong

limitation on the frequencies for the time-resolved measurements if the current setup is kept, as shown

in Figure 7.4(a).

In order to extend the accessible frequency range without resorting to low-↵ optics operations, a

di↵erent detection system for measuring the time-of-arrival of the x-ray photons will be implemented.

This setup, currently undergoing the first prototype testing at PolLux 1.0, will employ the same APD

as before, but the detection will be performed with a fast FPGA-based time-tagging discriminator

(from the company QuTools). By performing a software-based constant fraction discrimination of the

voltage pulse generated by the APD, the time of arrival of the x-ray photons can be calculated. The

main advantage of this setup is that, in contrast to the currently-employed system, the excitation
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Figure 7.4: (a) Calculation of the influence of the x-ray bunch width on the achievable contrast for

a time-resolved measurement as a function of its frequency. For a FWHM of 70 ps, only frequencies

below 10 GHz are accessible, while for a FWHM of 10 ps (low-↵), frequencies well above 50 GHz are

in principle accessible; (b) Measurement of one of the x-ray bunches of the SLS 1.0 filling pattern

carried out with a prototype time-tagging discriminator, proving a temporal resolution of better than

30 ps.

signal would not have to be synchronized to the synchrotron master clock [11]. This would allow for

the use of arbitrary signals for the excitation of the dynamical processes in the samples.

First test measurements using the SLS filling pattern as a benchmark time-resolved signal [see

Figure 7.4(b)] reveal that this setup can achieve temporal resolutions of better than 30 ps, poten-

tially o↵ering performances comparable to the operation with low-↵ optics without the disadvantages

connected with it (and being therefore compatible with the upgrade to SLS 2.0).

Within the upgrade to PolLux 2.0, an extension of the energy range where x-ray detection with an

APD is feasible would be desirable. For this, the use of di↵erent detector materials and concepts is

foreseen.

Finally, the current detectors in use at PolLux 1.0 are point detectors. However, in synergy with

the developments planned at the SIM beamline, the possibility of employing 2D photon counting

detectors (with a concept similar to the EIGER detector) operating in the soft x-ray energy range,

would allow for the full exploitation of the improvements in the photon flux and coherence o↵ered by

the upgrade to SLS 2.0. These detectors would be employed primarily for ptychographic imaging. To

spur this development, a collaboration with the PSI detector group is underway (see Chapter 9 for

more details).

7.6 IT requirements

The detection of the time of arrival of the x-ray photons proposed in Subsection 7.5.2 would allow, in

principle, for the measurement and recording of the time of arrival of each individual x-ray photon.

For most investigations, a simple binning of the times of arrival based on a synchronization signal
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(typically a marker synchronized with the signal employed for the excitation of the sample) would

su�ce. However, if all of the arrival times were to be recorded and analysed, this would allow one

to investigate dynamical processes that are not synchronized with the signal employed to excite the

sample under investigation.

For these special situations, where the dynamical process occurs non-synchronously with the ex-

citation signal, the time of arrival of each photon would be recorded. With the predicted photon

fluxes for PolLux 2.0, this would result in data production rates of the order of 1-2 GB/min. In order

to guarantee that the predicted data rates do not negatively a↵ect the operation of the instrument,

access to a fast Ethernet connection and to a suitable multi-TB storage space would be required.

7.7 Timeline

7.7.1 Planning

During the dark period, the front end and the first mirror must be replaced. This minimal adaptation

will allow PolLux to restart directly after the dark period, already making use of the improved source

properties.

After the current activities of the NanoXAS beamline, the In Situ Spectroscopy/NAPP Project

will move to their new beamline at Sector X09D one to two years after the dark period, at which point

the second bending magnet port will be available for the low energy branch. The planned schedule is

shown in Figure 7.5.

Figure 7.5: Timeline of the PolLux beamline upgrade

7.8 Concluding remarks

The PolLux beamline is currently a very productive STXM beamline at a bending magnet. In the next

years, the PolLux STXM will be complemented with a more advanced instrument located at the SIM

beamline. The higher flux of an undulator and full polarization control will allow more advanced tech-

niques like ptychography and more sophisticated sample environments. A flexible allocation system

of proposals to the two instruments will be implemented.
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Chapter 8

NAPP (In Situ Spectroscopy) Beamline

Luca Artiglia, Zbynek Novotny, and Jörg Raabe

In a nutshell

Interfaces play a paramount role in the chemical and physical sciences and modern technolo-

gies, yet their characterization has remained challenging. Catalysis, electrochemistry, and

environmental chemistry are fundamental in developing a sustainable future, and, for that,

specific and novel characterization tools are a necessity. We propose the construction of a

new, dedicated bending magnet beamline to carry out ambient pressure x-ray photoelectron

spectroscopy at SLS 2.0. The system will be modular, with the possibility to investigate

all the relevant interfaces (solid-solid, solid-gas, and solid-liquid) at the atomic level. This

will be possible thanks to the extended photon energy range (from 250 to 6000 eV) and a

high energy resolution. Due to the versatility of the technique and the unique capabilities

o↵ered by our experimental setups, we will be able to build up a large user community of

interdisciplinary character, with the possibility to collaborate with industrial partners.

8.1 Overview

8.1.1 Technique

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that can be used to charac-

terize the elemental composition and the chemical nature of a wide range of substrates, from model

systems (e.g. single crystals) to real devices. The XPS technique is based on the photoelectric e↵ect,

that is, the emission of an electron from a core-level orbital with element-specific binding energy (BE)

upon exposure to a photon beam of su�cient energy. Because the chemical environment and the

oxidation state of an element a↵ect the BEs of core levels on the eV scale, photoemission spectra

–95–
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provide important information about the oxidation state and local coordination. The surface sensi-

tivity of XPS is due to the strong interactions of photoelectrons with matter. Indeed, only electrons

coming from the near-surface layers can reach the detector without undergoing inelastic scattering

events. Historically, to avoid the scattering of photoelectrons in the gas phase and to protect the

detector, XPS has been conducted under ultrahigh vacuum (UHV) conditions. This has led to the

so-called “pressure gap” in studies of surface chemical reactions and has severely limited the impact

of XPS studies, not least in heterogeneous catalysis and environmental chemistry. In turn, model

systems (single crystals, metal-supported thin oxide films, etc.), mimicking real samples, have been

used to limit the complexity of measurements while still getting useful information about the surface

properties (surface science studies) and the interaction between a surface and a specific environment

(surface chemistry studies).

In order to reduce the pressure- and the material-gap and allow XPS measurements in the mbar

range, di↵erentially pumped electron analyzers have been developed. Such a concept was first intro-

duced in the 1970s by Siegbahn and coworkers [1], and has become more widely applicable in the late

1990s thanks to instrumental developments of electron optics that refocus the photoelectrons passing

through di↵erentially pumped pre-lenses [2]. In a typical APXPS setup, the sample is located in a

cell where the pressure can be tuned in the millibar range, and x-rays (synchrotron light or laboratory

source) enter the measurement cell through a photon-transparent membrane (usually silicon nitride)

or a series of di↵erentially-pumped stages. Photoelectrons are collected by a di↵erentially pumped

pre-lens nozzle having a diameter (d) in the 0.1 to 1.0 mm range. To minimize the path traveled by

photoelectrons through the gas phase, the sample is placed close to the analyzer aperture (typically

at a distance ranging from d to 2d). The factors influencing the pressure limit in an ambient pressure

XPS (APXPS) system are the attenuation by scattering of the incident photon beam, reduction of the

photoelectron signal through interactions with the gas phase molecules, and the pumping e�ciency in

the first di↵erential pumping stage. New perspectives in the technology of APXPS electron analyzers

include the development of:

1. pre-lenses and di↵erential pumping stages to reach higher pressures (more than 100 mbar) in

the analysis cell;

2. new lens operation modes allowing spatially-resolved imaging;

3. new detectors capable of ms time-resolution.

The typical configurations of the Scienta R4000 HiPP-2 photoelectron analyzer employed so far in our

endstation allowed us to measure photoemission spectra at pressures up to 50 mbar in the experimental

cell using an analyzer aperture of 300 µm diameter. While ambient pressure setups are becoming more

common, and many of them have been designed with the main focus of investigating single-crystalline

model systems, our approach is to develop a unique endstation with a high throughput for applications

in heterogeneous catalysis and environmental chemistry. The technique can be further upgraded by

combining it with in-situ photo- and electro-chemistry, making the APXPS capabilities at SLS 2.0

truly unique worldwide. Until 2018, an ambient-pressure photoelectron spectroscopy beamline was

not available for external users at the Swiss Light Source. Since the In Situ Spectroscopy beamline

has become operative at the X07DB site, it has attracted the interest of several users, generating

oversubscription already during the first o�cial call (first semester of 2019). This demonstrates the

interest of an international research community toward the technique and toward the potentialities
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o↵ered by the setup available at SLS. A portion of the user community includes research groups

belonging to the Paul Scherrer Institute, whose main research interests are environmental/surface

chemistry, catalysis, and electrochemistry. The reason for this is because, in general, it is di�cult to

find in situ surface sensitive spectroscopic techniques, and APXPS is suitable to investigate interfaces

with a high level of sensitivity regarding the elemental composition and electronic state of selected

emitters. The results obtained at the In Situ Spectroscopy beamline at SLS and a new beamline

dedicated to APXPS at SLS 2.0 will help to solve relevant open questions related to di↵erent research

branches, improving the quality of the research output produced at the Paul Scherrer Institute.

8.1.2 Unique points compared to other beamlines

Generally speaking, APXPS is a relatively young technique. There are two synchrotrons that can be

considered points of reference for the APXPS technique: BESSY (Berlin, Germany) and the Advanced

Light Source (ALS, Berkeley, USA). In the case of ALS, the beamlines hosting APXPS (9.3.2 and

11.0.2) are among the most oversubscribed [3]. The experimental chambers in ALS were developed

from ultra-high vacuum setups and allow static experiments, mainly concerning the investigation of

the solid-gas interface [4]. Beamline 9.3.1 was the last developed system and o↵ers the possibility to

investigate the solid-liquid interface (dip and pull method) with tender x-rays. The design of In Situ

Spectroscopy o↵ers advantages because it allows fast dosing of gases in the measurement cell, which

allows the investigation of actual samples under various reaction environment. The ISISS station [5],

operated in BESSY o↵ers the possibility to explore the solid-gas interface, and the research is mainly

focused on catalyst characterization under steady-state conditions due to the lack of fast-exchange

gas capabilities of the high-pressure cell. Recently, two new projects focused on the development of

APXPS have been financed in Germany: EMIL [6] and BElChem [7], for the in-situ investigation and

characterization of energy materials (solid-gas interface), electrochemical interfaces (solid-liquid inter-

face created by the dip-and-pull method) and environmentally relevant interfaces (liquid-jet). During

the last ten years, APXPS facilities were developed at other synchrotrons to try to accommodate the

increasing request for in situ characterization of interfaces. A complete list can be found in Table 8.1.

Notably, the recently commissioned fourth-generation synchrotron light source in Lund (MAX-

IV) o↵ers state-of-the-art beamlines for APXPS. In particular, the HIPPIE[6] beamline o↵ers a new

design of the experimental high-pressure cell, limiting its volume to get exceptional performances

in terms of fast gas exchange and ultimate pressure, and new-generation photoelectron analyzers.

In this respect, the possibility to access tender x-rays and enhanced energy resolution available at

SLS 2.0, will allow our beamline to keep competing with HIPPIE at the same level. Most of these

dedicated APXPS beamlines o↵er the possibility to characterize all the relevant interfaces, but their

energy range is limited either to the soft or to tender/hard x-rays. Thanks to its unique features, the

In-Situ Spectroscopy beamline will be competitive with respect to other state-of-the-art beamlines

and versatile enough to o↵er measurements in both energy ranges. In particular, it will o↵er the

possibility to investigate the solid-gas and the solid-liquid interface up to 50 mbar pressure already

with the currently used analyzer.
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Beamline Photon Energy Max Pressure Country

[eV] [mbar]

BL02B@SSRF 40-2000 30 China

BL8A2 KBSI@PAL 200-2000 10 South Korea

BL13-2@SSRL 150-1300 130 USA

9.3.1@ALS 2300-6000 146 USA

9.3.2@ALS 200-900 7 USA

11.0.2@ALS 160-2000 10 USA

BL P22@DESY 2400-15000 2500 Germany

BL24A@TLS 10-1500 10 Taiwan

BL36XU@SPring-8 5200-37700 30 Japan

HIPPIE@Max IV 250-2200 30 Sweden

CIRCE@ALBA 100-2000 25 Spain

TEMPO@SOLEIL 50-1500 20 France

NAP-XPS endsation@PF-KEK 50-2000 1 Japan

SPECIES@Max IV 30-1500 20 Sweden

VERSOX@Diamond 250-2800 100 UK

ISISS@BESSY 80-2000 20 Germany

Table 8.1: Worldwide APXPS facilities

8.1.3 Dedicated in-situ spectroscopy beamline

The concept for a new beamline at SLS 2.0 foresees two branches being served by x-rays from two

adjacent bend magnets and using two di↵erent monochromator types. For the low-energy part, a

plane grating monochromator (PGM) will be used. The hard x-ray range will be provided by a

double crystal monochromator (DCM). Both monochromators introduce a vertical o↵set allowing one

to separate the two branches in height. By using refocusing mirrors, the two beams can be recombined

on the sample. This will be a unique feature of this beamline, allowing spectroscopic measurements

using soft and hard x-rays as excitation energies on the same sample spot. For instance, hard x-ray

photoelectron spectroscopy (HAXPES) and fluorescence-yield x-ray absorption spectroscopy (FY-

XAS) in the soft x-ray energy range may be acquired at the same time. Such spectroscopies not only

give complementary useful information about the sample, but also allow one to probe di↵erent depths.

Indeed, the information depth of XPS, even in the tender x-ray energy range, is limited to a few tens

of nanometers, whereas FY-XAS is sensitive to the bulk of the sample (penetration depth of x-rays).

XAS could be used to check for beam damage and/or for the sample evolution during a measurement.
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8.1.4 Impact on the user community

In the long term, we plan to extend our user community and to foster the interplay with industry and

with academic partner. This will require two main developments:

1. A control system, with the aim of making the endstation even more user friendly and to allow

the possibility to work in remote. We plan to create software controlling both the beamline and

the instrumentation available at the endstation (analyzer/detectors, manipulators, dosing lines,

etc.).

2. Technical improvement of the experimental cell. The maximum pressure reachable with the

current setup, making use of tender x-rays as the excitation source, is 50 mbar. Recent de-

velopments in the field showed that, combining tailored technological developments with the

use of tender x-rays, it is possible to measure XPS while dosing in situ 1000 mbar of gas and

beyond [8], thus completely filling the pressure gap and opening the possibility to investigate

high-pressure reactions. Using the tender x-ray photons available in the new beamline at SLS 2.0

(up to 6000 eV) and upgrading the existing setup, we plan to extend the maximum gas pressure

to 1000 mbar.

We also plan to develop new experimental approaches to investigate relevant interfaces. As an

example, the dip and pull method, currently used to investigate the solid-liquid interface (see the

following sections) has several limitations in the analysis of working electrodes under operando con-

ditions. These are mainly due to di↵usion in the thin liquid layer created on top of the sample. Such

an issue can be overtaken developing new setups working with permanently refreshed liquid layers.

Such an improvement will open new research scenarios/collaborations in the fields of electrochemistry,

electrocatalysis, and photoelectrocatalysis.

8.2 Source

The beamline will use two adjacent standard bend magnets in Sector X12D or X09D.

8.3 Front end

The beamline needs standard front ends for bend magnets with ±2 mrad in the horizontal and vertical

directions.

8.4 Optics

8.4.1 Beamline concept

The beamline concept (Figure 8.1) foresees two branches with x-ray sources from two adjacent bend

magnets and using two di↵erent monochromator types. For the low energy part, a PGM will be used.

The hard x-ray range will be provided by a DCM. Both monochromators introduce a vertical o↵set

allowing to separate the two branches in height. By using refocusing mirrors, the two beams can be

combined on the sample.
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This will be a unique feature of this beamline allowing spectroscopic measurements using soft and

hard x-rays as excitation energies on the same sample spot. For instance, HAXPES and FY-XAS

in the soft x-ray energy range may be acquired at the same time. Such spectroscopies not only

give complementary useful information about the sample, but also allow probing di↵erent depths.

Indeed, the information depth of XPS, even in the tender x-ray energy range, is limited to a few

tens of nanometers, whereas FY-XAS is sensitive to the bulk of the sample (penetration depth of

x-rays). XAS could be used to check for the beam damage and/or for the sample evolution during a

measurement.

Figure 8.1: Optics concept of the planned In Situ Spectroscopy beamline at X12D or X09D

8.4.2 Monochromators

The concept foresees the use of di↵erent monochromator types in the two branches of the beamline.

The low energy branch will make use of a PGM providing x-ray in the range of 250-2000 eV. The

second monochromator will be a DCM accessing the energy range up to 6 keV.

8.4.3 Floor plan

Currently the bend magnet ports at X12D are not available, due to the design of the local shielding

wall of the storage ring tunnel. To make use of the X12D bend magnets, the wall has to be modified

during the dark time to provide the necessary outlets. A concept for the modifications is sketched in

Figure 8.2. At X09D the same floor plan is possible, without the need of shielding wall modifications.
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Figure 8.2: Floor Plan concept of the planned In Situ Spectroscopy beamline at X12D, at X09D the

same floor plan is possible, without the need of shielding wall modifications

8.5 Endstation

8.5.1 Solid-gas interface chamber (SGIC)

This experimental chamber has been entirely designed and developed at the PSI [9]. It consists of a

small-volume, high-pressure cell connected to two vertical tubes having a diameter of 3.0 cm. With

the sample placed in the middle of the cell, a gas flow can be created by opening the gas line and

pumping the exhaust downstream. Such a configuration mimics a flow tube reactor so that both

environmental chemistry and heterogeneous catalysis experiments can be carried out. The design of

the setup is unique worldwide thanks to the exceptional control of the sample temperature (160 to

900 K) and working pressure (UHV-50 mbar). The small volume of the experimental cell and the flow

tube configuration allows fast gas switching from one mixture to another (on the second timescale),

while acquiring photoemission spectra in fast-scan mode. We have recently introduced time-resolved

measurements, and could get information about the evolution of real samples (powders) in a specific

reaction mixture as a function of time in the second range [10]. Time resolution is one of the next

frontiers in in-situ XPS and will enable one to follow dynamic structural changes that typically occur

in catalysts. It will also provide previously inaccessible quantitative structure-performance relations.

This is extremely di�cult to achieve and there are currently no other reports in the literature showing

similar performances. Our goal is to further develop time-resolved experiments, so that they will

become a distinctive feature of the beamline. Indeed, the gas dosing system will be improved to

realize precise pulses of gas while keeping a constant pressure in the cell. We plan to further optimize

the experimental cell to reduce its volume. By combining the new cell design with the latest generation

electron analyzer, the time resolution can reach the millisecond range.

8.5.2 Solid-liquid interface chamber (SLIC)

SLIC chamber is the latest addition to the APXPS setup available at SLS [11]. This endstation is a

versatile system combining a UHV preparation chamber with an ambient-pressure analysis chamber,

connected via a fast-entry load lock chamber. The analysis chamber can be operated in UHV or at

elevated pressures up to 50 mbar with the existing analyzer. The analysis chamber currently o↵ers the
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Figure 8.3: Computer-aided design (CAD) rendering of the new endstation for APXPS at solid-liquid

interfaces. The left part of the instrument (grey shaded) is a Scienta R4000 HiPP-2 electron analyzer.

The right part (blue shaded) shows the new three-chamber SLIC endstation.

possibility to probe the solid-gas interfaces and solid-liquid interfaces created by the “dip-and-pull”

method [1]. The capabilities of the analysis chamber can be further extended by designing a dedicated

manipulator insert for a specific experiment. Our plans include development of an insert that will o↵er

sample cooling to study solid-ice interfaces, and possibly more inserts in the future based on the needs

of us and our users (e.g. heating to high temperatures using a laser diode). The number of di↵erent

interfaces this endstation will allow to investigate, together with the presence of a UHV preparation

chamber (including characterization tools such as low-energy electron di↵raction and Auger electron

spectroscopy), makes this endstation truly unique.

This chamber represents a highly exclusive tool for the study of solid-liquid interfaces. Solid-

liquid interfaces can be stabilized by the “dip-and-pull” method, with the liquid film of 10 to 30 nm

thickness in equilibrium with the gas phase. Such experiments require tender x-rays of typically 4 keV

photon energy [1]. The high photon energy is necessary to be able to probe the buried liquid-solid

interface as well as to get a detectable signal at the high pressures (30 mbar in the case of water)

necessary to stabilize the liquid filma. This high photon energy, in combination with techniques such

as x-ray standing-wave photoemission spectroscopy, will allow us to probe such interfaces with atomic

aCommissioning at the NanoXAS beamline demonstrated that the photoelectron signal is completely attenuated at

a pressure of 17 mbar when using soft x-rays. Therefore, until the upgrade to SLS 2.0, PHOENIX is the only beamline

where experiments at liquid-solid interfaces created by the dip-and-pull method are possible, with severe limits to the

amount of available beamtime.
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resolution.

The SLIC chamber is an ideal tool to study photoelectrochemical cells, due to its ability to expose

the sample (electrode) surface to an artificial sun simulator while performing in-situ electrochemistry,

detecting the product formation (H2, O2) with a quadrupole mass spectrometer and measuring the

intermediate species and changes of the surface chemistry using APXPS under operando conditions.

With this chamber, it is possible to probe the fundamental properties of the electrochemical double

layer (EDL) at the liquid-solid interface, such as the determination of its capacitance and the potential

of zero charge [1, 2]. We have no doubts that this setup will attract a lot of interest from the user

communities focused on photoelectrochemical cells, battery research, etc. In addition, this system will

be able to perform studies on model systems using single crystals due to its capabilities of UHV sample

preparation. This new experimental chamber will benefit greatly from the new beamline since these

experiments are highly complex and require ample amounts of beamtime with access to tender x-rays.

A bending magnet beamline will be fully su�cient, as prevention of beam damage and x-ray induced

chemical reactions ask for limited photon fluxes. The SLIC endstation was installed at SLS in June

2018 and is now fully commissioned [11]. The endstation started hosting first ‘friendly’ users starting

from 2020 and is projected to be open to the user community once the new In Situ Spectroscopy

beamline is commissioned.

8.5.3 Controls and data systems

The electron analyzer has four di↵erential pumping stages. The pumps creating the rough and ultra-

high vacuum are controlled by means of Labview. The available synoptic panel allows one to turn on

and o↵ the pumps and to set their rotation speed. The pressures must be recorded and monitored

during the operation of the experimental chamber. A Labview interface reads the pressure gauges

in real time and records the values in data files. The analyzer has a dedicated PC where a software

developed by the manufacturer (ScientaOmicron) runs and sets the scan parameters and run the

measurements. The software generates three formats of data files, containing the main setting of the

analyzer. Two file formats are compatible with the software IgorPro, and can be processed by means

of dedicated Marcos. The third file format is a general .txt, which can be loaded with many analysis

software. The FDA and PShell software are also installed in the same PC, and allow the simultaneous

control of the electron analyzer and of the beamline to perform x-ray absorption spectroscopy.

The SGIC is already available for users operation, and can be fully controlled by means of Labview

software. The most relevant parameters, namely, sample position, temperature of the sample and of

the vapor saturators, pressures inside the measurement cell and in the gas/vapor dosing lines are set,

read, recorded and saved in real time by the software. The position of the sample and its temperature

can be precisely set and controlled by means of the software.

The SLIC chamber uses the EPICS interface to control the movement of the motors for the ma-

nipulator in the analysis chamber (all degrees of freedom: xyz movement and rotation), to read the

current position and rotation using absolute optical encoders (Renishaw, Numerik Jena), and to ac-

quire the pressure reading from all eight pressure gauges currently installed to the endstation. Future

development and automatization will also use EPICS interface.

The analyzer is located on a frame having adjustable position. This allows an easy connection
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of the analyzer to the experimental chambers, thus facilitating the switch from one experiment to

another. The motors of the frame are controlled by Labview. The software allows the alignment of

the frame setting the positions of the motors and saves the parameters in a data file. The analytical

instruments, such as LEED, AES, QMS or potentiostat for electrochemical is currently using a control

software provided by the manufactures of the instruments and is controlled using IBM-compatible

personal computer.

8.5.4 Sample environments and delivery

The two available experimental chambers allow measurements in a pressure ranging from high vacuum

(10�6 mbar with the SGIC and 10�10 mbar with the SLIC) to the mbar range (50 mbar maximum

pressure). Both incondensable gases and vapors can be dosed. In the former case, a pure gas or a gas

mixture can be dosed in the analysis chamber by means of either precise mass flow controllers (0.2 to

20 sccm flow range) or leak valves. In the second case, Peltier elements are used to thermalize glass

vials containing pure liquids, thus precisely tuning their equilibrium vapor pressure. The vials are

connected to a gas line allowing the gas to reach the sample.

In the SGIC, samples are introduced in the analysis chamber by means of manipulator inserts. A

heated sample holder controls the temperature of the samples between room temperature and 650 �C

(via infrared laser heating), while a cryo-holder allows low temperature experiments down to -100 �C

(liquid nitrogen di↵erentially pumped cold finger touching the sample holder). Once supported on the

manipulator insert, the samples are connected to a load lock before their introduction into the analysis

chamber. The entire procedure to create vacuum in the load lock and to transfer the sample from the

load lock to the experimental cell is automated. During an experiment, a sample can be replaced in

less than 30 minutes.

Changing the temperature of the samples as well as dosing gas/gas mixtures is possible exclusively

when the samples are inside the analysis chamber, i.e. in a confined environment. The exhaust gases

are pumped downstream by rough pumping units and are disposed in the SLS exhaust line.

The SLIC endstation uses standard Omicron-type sample holders that are transferred between

the chambers (preparation, analysis and transfer chamber) using a combination of wobble sticks and

magnetically-coupled transfer arms. The rapid entry load lock, also used as a transfer chamber

between ambient pressure conditions in the analysis chamber and UHV conditions in the preparation

chamber, allows the introduction or removal of up to two samples simultaneously. This procedure can

be achieved within less than 5 minutes, although before transfer to the UHV preparation chamber, a

pumping time of at least 60 minutes is recommended to minimize the amount of water transferred to

the system. While the SLIC endstation can work under near-ambient pressures of up to some 50 mbar,

it can be also used as a UHV chamber with a base pressure in the low 10�10 mbar range, which can be

obtained after baking out the chamber. The chamber is suited to handle liquids placed into custom-

made glass beakers. Gas dosing is performed using backfilling of the chamber. Sample heating is

performed via boraelectric heaters heating the back side of the sample holder (both chambers). For

samples suited for dip and pull experiments (sample size of 50 ⇥ 10 mm2, a heating oven capable of

heating up to 600 �C is available in the transfer chamber. Furthermore, the preparation chamber is

equipped with an electron-bean annealing stage that can heat samples up to 2000 �C.
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8.5.5 Detectors

The commercial electron analyzer (Scienta Omicron R4000 HiPP-2) extracts and refocuses photoelec-

trons emitted from the surface of the sample. The kinetic energy of the photoelectrons is discriminated

in the hemisphere region. The detector consists of a 2-dimensional multichannel plate coupled to a

phosphor screen. The multiplied photoelectrons hit the phosphor screen and produce an image that is

captured by a CCD camera having a maximum time resolution of 40 ms (1 frame). The image of the

camera is transferred to the software controlling the analyzer, where it is transduced into a spectrum.

8.6 IT requirements

The endstation can be fully controlled by the dedicated software, installed in the endstation PCs.

In this moment, the parameters of the endstations (pressure, sample temperature, pumps settings)

are set and recorded by Labview software. The electron spectrometer is controlled by means of the

SES software, developed and configured by the manufacturing company ScientaOmicron. The x-ray

absorption spectroscopy in electron yield is acquired with the FDA software, developed in PSI. An

EPICS channel allows controlling the electron analyzer, in order to scan a precise kinetic energy window

as a function of the excitation energy. In the future, we plan to fully control the electron analyzer

with the PShell software developed in PSI. This will allow to acquire photoelectron spectroscopy and

absorption spectroscopy data and metadata with the same software, making the acquisition even more

user friendly. Because the data generated by the software are never exceeding a maximum of 10 MB

per single file, network drives and e-accounts will be used to store in-house data and external users

data, respectively. The NAPP beamline will be a low data volume beamline, which can be handled

with the existing IT infrastructure.

8.7 Timeline

8.7.1 Planning

The SGIC is already fully in operation and we plan to transfer it to the new beamline after the dark

period. Commissioning of the SLIC has recently been carried out [11] and the setup will be further

developed to become user friendly. In both cases we would like to use EPICS to set and control

the system parameters. With the support of IT, we plan to invest on switching from Labview to

EPICS control of the SGIC within the next five years, i.e. before and during the dark period. The

experimental chambers and the workstation will be placed in a hutch, where an e�cient ventilation

system is required (air circulation and temperature control). Due to the need to prepare/support

samples, a small chemistry laboratory (ideally including a ventilated hood and a table) adjacent to

the experimental hutch is added to the project. The solid and liquid chemicals will be safely stored

in a ventilated cabinet. Gas cylinders will be stored in an external gas cabinet and will be connected

to the endstations by means of non-changeable leak-tested gas lines.

The beamline X07DB (NanoXAS) can be adapted to the new SLS 2.0 layout by replacing the first

mirror. This will allow us to restart the soft x-ray user program of the In Situ Spectroscopy soon after
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the shutdown and will avoid losing the relatively young user community

The proposed construction of a new beamline, requiring the complete assembly of the setup and of

the infrastructure, will require at least 12 to 18 months after the dark period. The planned schedule

is shown in Figure 8.4

Figure 8.4: Timeline of the NAPP beamline upgrade

8.8 Concluding remarks

After opening the In Situ Spectroscopy beamline to external users, the beamline was already over-

subscribed (both in 2019-II and 2020-I). A quick restart of the beamline operation after the dark

period, staying at the X07DB site, would permit a prompt restart of the external user operation,

thus avoiding a loss of users. In terms of the SLIC endstation, which was originally designed to be

compatible with the PHOENIX I beamline, the compatibility with the PHOENIX I beamline after

SLS 2.0 upgrade cannot be guaranteed. The PHOENIX I beamline is currently projected to be moved

by approximately 300 mm, which will make it impossible to fit the SLIC endstation there, at least not

with the UHV preparation chamber attached. Therefore a dedicated bend magnet beamline requested

within this proposal is supposed to be a more cost-e↵ective solution, and will be vital for the success

of the newly commissioned SLIC endstation.
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Chapter 9

Surface/Interface: Microscopy (SIM) -
Beamline for Advanced Soft X-Ray
Spectromicroscopy

C. A. F. Vaz and A. Kleibert

In a nutshell

At the SIM beamline we aim to take full advantage of the new developments and oppor-

tunities o↵ered by the SLS 2.0 upgrade, including a much higher brilliance and improved

transverse beam coherence compared to SLS, which makes the new light source eminently

suitable for coherent scattering-based techniques capable of probing materials and devices

down to the nanometer scale and with unprecedented sensitivity. Specifically, we propose

to commission a new soft x-ray ptychography nano-spectroscopy imaging microscope with

single-digit nm lateral spatial resolution and a unique sample environment and sample exci-

tation capabilities, suitable to addressing scientific questions in a variety of important fields,

ranging from spintronics to quantum materials. The new spectromicroscope will be com-

plemented by the existing x-ray photoemission electron microscope (XPEEM) when high

surface or interface sensitivity is required. We will also take advantage of the SIM beam-

line configuration consisting of two elliptical undulators and the incorporation of a highly

performing phase shifter to explore new interferometric techniques capable of ultra-high sen-

sitivity. With these developments, we aim to position the SIM beamline at the forefront

of coherent soft x-ray nano-spectroscopy worldwide and provide a highly complementary

toolbox of techniques within PSI.

–109–
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The SLS 2.0 upgrade with new insertion devices will o↵er higher brilliance and improved transverse

beam coherence, making the new light source eminently suitable for coherent scattering-based tech-

niques capable of probing materials and devices down to the nanometer scale and with unprecedented

sensitivity. Such tools will o↵er many new insights in a variety of important fields ranging from

spintronics to quantum materials. At the SIM beamline we aim to take full advantage of these new

developments and opportunities. Specifically, we propose to:

• Install a new soft x-ray ptychography nano-spectroscopy imaging microscope with unique sample

environment and sample excitation capabilities. This new development utilises the outstanding

in-house resources, synergies, and expertise in hard x-ray ptychography and 2D hybrid x-ray

detectors.

• Take advantage of the SIM beamline configuration consisting of two elliptical undulators and

the incorporation of a highly performing phase shifter (developed for SwissFEL) to explore new

interferometric techniques; the latter o↵er ultimate sensitivities and could enable the exploration

of novel e↵ects in materials when used in combination with the characteristics of synchrotron

x-ray light.

• Maintain the operation of the x-ray photoemission electron microscope (XPEEM) for SLS 2.0,

also to complement the soft x-ray ptychography microscope when high surface or interface sen-

sitivity is required. Given the high surface sensitivity and spatial resolution of XPEEM, it is

predicted that it will remain in high demand by the user community.

• Provide an open port for instrumental developments (for example for the soft x-ray SwissFEL

Athos beamline) and for external endstations requiring access to the beam characteristics of the

SIM beamline.

To support these developments, a number of modifications in the beamline source and optics are

required, as described in detail in this chapter. With these developments, we aim to position the SIM

beamline at the forefront of coherent soft x-ray nano-spectroscopy worldwide and provide a highly

complementary toolbox of techniques within PSI.

9.1 Overview

The SIM beamline was one of the first operating beamlines at the SLS. It is a soft x-ray beamline

dedicated to spatially and non-spatially resolved x-ray absorption spectroscopy (XAS) and scattering

of materials, with a focus on condensed-matter physics. It has made a significant impact in fields such

as nanomagnetism [1–9], correlated materials [10], interfaces [11,12], and catalysis [13,14]. Moreover,

the beamline has contributed to important PSI developments such as electron and soft x-ray detec-

tors [15,16]. It was also crucial for the development of new experimental setups, such as the RESCAN

endstation at the XIL beamline [16] or the NAPP endstation presently hosted at the NanoXAS beam-

line [17]. These successes are based on the concept of operating a permanently installed XPEEM in

addition to an open port for variable internal (resonant soft x-ray scattering or RESOXS endstation,

and x-ray absorption spectroscopy or XAS endstation) or external (e.g. a dilution cryostat) experimen-

tal endstations, together with two Apple-type UE56 undulator sources. Table 9.1 summarises some

of the characteristic features of the SIM beamline. Owing to the variety of endstations supported

at SIM, the user community of the SIM beamline is versatile and the beamline serves key players in
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diverse fields ranging from magnetism and correlated systems to battery research and catalysis. The

beamline has a core base of about ten user groups in addition to varying groups from around the

world. The research projects carried out at the SIM beamline result in about 20 publications per year

with a significant number appearing in high impact journals (IF > 7.2).

SLS SLS 2.0

Front end slits slow scans fast scans

Focus astigmatic stigmatic

Cooling constant adaptive

Secondary focus fixed adjustable

Secondary slit none variable

beam monitors relative position absolute position

Sources 2 ⇥ U56 2 ⇥ U56

Energy range [eV] 90 - 2000 90 - 2000

Polarization linear (0-90o), circular (c+, c–) linear (0-90o), circular (c+, c–)

Flux (1 keV) 1⇥ 1015 photons/s/0.1%BW/ 0.4 A

Focused spot size (H ⇥ V) 52 µm ⇥ 25 µm 48 µm ⇥ 23 µm

Spectral resolution > 5000 > 5000

Endstations XPEEM, TR-TEY, RESOXS, others Ptychography, XPEEM, RESOXS, others

Table 9.1: Present and future characteristics of the SIM beamline.

The high brilliance, increased transverse coherence, and improved beam profile of SLS 2.0 will ben-

efit strongly coherent scattering-based techniques; we aim to take advantage of these new possibilities

to develop new soft x-ray spectromicroscopy techniques that are uniquely suited to the characteri-

sation of materials and devices down to the nm-scale with unprecedented sensitivity. While recent

years have seen a sizeable increase in the demand for soft x-ray spectromicroscopy using XPEEM,

discussions with our user communitya as well as with members of the Proposal Review Committee

show an increasing need and demand for higher spatial resolution beyond the capabilities of current

XPEEM technology (of the order of 20-50 nm lateral spatial resolution). This is particularly the case

in the magnetism community, where new topics such as topological spin structures, antiferromagnetic

spintronics, or complex non-collinear spin structures, e.g. in multiferroic materials, require a spatial

resolution in the single digit nanometer range.

Hence, we have embarked on the development of a new, versatile, soft x-ray microscope with a

very high-spatial resolution that will take full advantage of the SLS upgrade to a di↵raction-limited

light source (see Figure 1.2). The upgrade will also make possible the development of ultra-sensitive

detection techniques based on interferometry, which we expect will stimulate significant interest in

aBreakout session on Magnetism organised by A. Kleibert at the PSI Photonics Workshop held in Windisch (CH) in

April 10-12, 2017.
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the condensed matter physics community. We describe in the following these new activities at SIM,

as well as the current plans for the XPEEM, RESOXS, and the open port capabilities. In addition

to these necessary upgrades, we propose several modifications in the optical design to bring the SIM

beamline to the state-of-the-art and optimised for scattering-based measurements techniques, such as

ptychography and interferometry. Our end goal is to place the SIM beamline at the forefront of soft

x-ray nano-spectroscopy imaging and nanoscale scattering worldwide.

9.1.1 Soft x-ray ptychography

In the context of SLS 2.0, we propose to commission and install a soft x-ray ptychographic microscope

at SIM for magnetic and spectroscopic characterisation of materials with the highest spatial resolution,

down to the x-ray di↵raction limit (< 5 nm). The main component parts of the instrument are

schematically shown in Figure 9.1. The proposed microscope will combine soft x-ray ptychographic

imaging and spectroscopy with laminography to give access to 3D characterisation of samples. The

goal is to provide a system that is both user-friendly and capable of a large variety of sample excitations

to permit the study of a wide range of material systems and physical phenomena at the nanoscale.

Specifically, the microscope will be designed to provide magnetic fields up to 300 mT for studying

magnetic systems, sample temperatures down to 10 K for investigating strongly correlated materials,

electric and laser excitations for operando characterisation of electronic devices and cryo-transfer for

vitrified biological tissue. In addition, the instrument will allow for both transmission and reflection

measurement geometries, which will enable the investigation of a very wide range of physical systems.

With such sample environments, we will probe novel physical phenomena with unprecedented spatial

resolution.

The target research areas to be impacted by this new instrument include:

• nanomagnetism, where the single digit nanometer spatial resolution enabled by lensless ptycho-

graphic imaging reaches the fundamental exchange length, thus making capable of resolving the

smallest spin textures and enabling a full characterisation of the magnetic state of magnetic

materials;

• novel materials, including strongly-correlated systems and composites, where low-temperature

phase transitions and the correlated state of matter can be investigated at the nanoscale and

where individual phases of nanocomposites, such as multiferroics, battery electrodes, and het-

erogeneous catalysts, can be characterised at the level of the individual components;

• the study of biological vitrified samples, which will benefit from the strongly enhanced contrast

in the water window and from spectroscopic analysis at the K-edge of the light elements; and

• electronic nanodevices, where several excitation sources (magnetic, electric field, electric current,

and laser light pulses) can be applied in situ for operando characterisation.

We envisage that the availability of such an instrument will enable disruptive research work in

various fields of science, including physics, chemistry, materials science, and biology. The proposed

instrument has received strong support from key players of our user community (R’EQUIP grant

proposal submitted to the Swiss National Science Foundation, no. 206021 198177, New soft x-ray pty-

chographic spectromicroscopy endstation) and, based on our experience with hard x-ray ptychography,

is expected to develop into a full fledged research program. The proposed microscope will be unique
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Figure 9.1: Schematic diagram of the planned soft x-ray ptychographic microscope instrument to be

commissioned at the SIM beamline, showing the main components, as labeled.

not only in Switzerland but also worldwide and will undoubtedly generate wide interest in the inter-

national user community. It will take full advantage of the coming upgrade of the SLS to a di↵raction

limited light source and will further contribute to the high visibility of the SLS.

9.1.2 New interferometric techniques

SLS 2.0 will be equipped with a new phase matcher between the two Apple-type undulators used to

provide increased flux in tandem operation at SIM. We propose to take advantage of the new phase

matcher to generate two coherent beams with a well-defined, controllable phase shift for measuring

ultrasmall changes in the optical response of the sample via x-ray interferometry, analogous to Rayleigh

or Mach-Zehnder interferometers. A 2D detector for soft x-rays (e.g. mönch) will be used to image the

interference pattern and detect di↵erential changes therein, as illustrated in Figure 9.2(a,b). Such a

scheme may allow x-ray holography with di↵raction-limited spatial resolution. In addition, heterodyne

detection schemes could be envisaged for ultrasensitive measurements, for instance for energy-loss

spectroscopy [c.f. Figure 9.2(c)]. These developments require a configuration with two undulators

providing two coherent beams with a narrow spectrum. If successful, interferometric techniques could

surpass the sensitivity of current soft x-ray spectroscopy approaches by orders of magnitude and could

be used to measure changes of a spin state in quantum dots or molecular devices, to directly determine

the polar moment of ferroelectrics, or to measure the chirality of single-molecule enantiomorphs, for
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example.

ID1

ID2 samplephase 
matcher

2D detector

ID1 ID2 samplephase 
matcher

1D detector

grating

ID1 ID2 samplephase 
matcher

2D detector

(a)

(b)

(c)

Figure 9.2: Schematic setup for interferometric detection at the SIM beamline: (a) reflection and (b)

transmission geometries. (c) Use of interferometry for heterodyne detection.

9.1.3 XPEEM endstation

The XPEEM enables investigations of a wide range of physical phenomena, from magnetism to catal-

ysis, to novel materials systems, and is in high demand by the user community [18]. In recent years,

newer XPEEM models have become available, in particular, aberration-corrected microscopes with

improved spatial resolution and higher transmittance. However, it is our opinion that presently they

are not suitable for user operation, due to the complexity involved with their usage. Also, the gain in

spatial resolution is well below a factor of 10 from the standard models, i.e., not su�ciently techni-

cally “disruptive”. Our approach, in view of the proposed ptychographic endstation, is to allow such

aberration-correction microscopes to further develop until they are mature for routine user operation.

To keep the XPEEM competitive, we propose to (i) replace the current MCP imaging detector by

a gatable eiger II detector for direct electron detection, (ii) upgrade the electronics rack to allow

mounting electronic controllers for tailored sample excitations, (iii) motorize the sample stage, and

(iv) upgrade the XPEEM control software to a Linux-based solution for integration with the beamline
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software.

9.1.4 Open port

The concept of an open port will be maintained both for the development of novel x-ray based tech-

niques, including for the exploration of interferometric detection, and development of components for

the ATHOS beamline at SwissFEL. In addition, it will be used to continue our research activities in

x-ray spectroscopy and scattering using the x-ray absorption spectroscopy system and the RESOXS

endstation.

9.1.5 Long-term vision

The high brilliance and improved transverse coherence of SLS 2.0 will enable us to develop techniques

with unprecedented spatial resolution and sensitivity in imaging and spectroscopy, including ptychog-

raphy and novel x-ray interference techniques. In combination with advanced surface and interface

sensitive techniques, such as XPEEM and soft x-ray resonant scattering (RESOXS), we aim at placing

the SIM beamline at the forefront of soft x-ray nano-spectroscopy imaging and nanoscale scattering.

The aim is to address both fundamental problems in physics, chemistry, and biology as well as to

reach out to technological relevant materials systems and to industry.

Our long-term vision is that of providing access to electronic and magnetic information at increas-

ingly smaller lenghtscales and with higher sensitivity, as illustrated in Figure 9.3: from the current

submicrometer lengthscales, the goal is to reach nanometer sized devices comprised of single-molecule

elements. Such schematic illustrates the current trend for a continuing demand for ever smaller, e�-

cient, and sustainable data storage and processing technologies that will require research tools with

su�cient spatial resolution and sensitivity to study material properties and novel phenomena at the

nanometer scale.

More generally, we envisage that a number of fields in science will be impacted strongly by soft

x-ray ptychographic spectromicroscopy, such as nanomagnetism, novel materials and devices, in the

characterisation of biological samples, and in nanotechnology research.

In magnetism, a lateral spatial resolution in the single nm digit is in the range of the characteristic

exchange length of magnetic materials (2-10 nm) [19], making it possible to resolve the smallest spin

structures. Of high interest in this context is the imaging of the magnetic configuration of skyrmionic

spin textures, in particular in materials where the presence of a Dzyaloshinskii-Moriya interaction

(DMI) leads to the presence of chirality and chiral spin textures. The latter can develop in non-

centrosymmetric magnetic materials, such as FeGe [20], MnSi [21], (Mn,Fe)Ge [22] and Cu2OSeO3 [23].

In these systems, nanometer-sized skyrmion lattices at specific points of the temperature–magnetic-

field phase diagram have been identified [24], which are amongst the smallest spin structures that are

possible to envisage in nature [25]. The proposed instrument provides the magnetic field and tem-

perature range required to explore large parts of the phase diagram of such materials. In addition to

single-phase materials, also multilayer structures composed of asymmetric interfaces, such as Pt/Co/Ir

multilayers with perpendicular magnetic anisotropy, develop skyrmionic structures as a result of the

presence of a strong net DMI from the strong spin-orbit interaction of the heavy metals [25–27] or
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Figure 9.3: With the reduction in dimension, novel material properties and new fundamental phenom-

ena may arise. For example, one can envisage that, in 2035, quantum computation will be the norm

and that the SIM beamline will have contributed to such development through the exploration of new

quantum variables of state, such as topological superconductors, topologically protected states in novel

materials, correlated states of matter, Majorana fermions, or entangled nuclear states of supported

single molecules.

due to the Rashba e↵ect at the graphene/3d transition metals interface and the break of centrosym-

metric symmetry [28]. Such phenomena can be employed to create new nanoscaled devices based

on DMI-induced chiral coupling [9]. New physical phenomena induced by spin-orbit coupling and

charge transfer at surfaces and interfaces may lead to the emergence of new electronic and magnetic

phases [29–31] that will require high sensitivity and high-resolution spectroscopy techniques with the

capability of measuring under external stimuli, such as electric currents, magnetic and electric fields,

variable temperature, and optical excitations [32]. Additionally, the 3D imaging capabilities of the

proposed instrument will also enable the discovery of novel topological spin structures such as the

long sought-after magnetic hopfions in solids consisting of three-dimensional nanometre-sized particle-

like spin structures (solitons), which are candidates for spintronic devices in truly three-dimensional

architectures [33].

Another important topic is the manipulation, control, and understanding of ferri- and antiferro-

magnetically ordered systems [34–36]. Antiferromagnets possess interesting properties when compared

to their ferromagnetic counterparts: (i) they are virtually insensitive to external magnetic fields; (ii)

neighbouring elements do not interact via dipolar interaction; and (iii) the absence of a macroscopic
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magnetization makes spin manipulation in antiferromagnets much faster when compared to ferromag-

nets [37]. Yet, they can be manipulated by currents and photons. However, in many antiferromagnetic

systems the antiferromagnetic domains are very small (below 100 nm), and therefore di�cult to probe.

Moreover, for nanosized antiferromagnets, little is known about their thermal stability [38]. The pro-

posed instrument will significantly contribute to the understanding of these systems by combining the

high spatial resolution of soft x-ray ptychography with the x-ray magnetic linear dichroism (XMLD)

e↵ect and the various excitation sources to be made available.

Another class of materials that will benefit tremendously from a higher spatial resolution are

nanoparticle systems. Although extensively investigated to date, most measurements tend to be

carried out in ensembles of particles, yielding average properties. However, it has become evident

more recently that individual nanoparticles can exhibit an electronic and magnetic behaviour that

deviates strongly not only from bulk properties but also from each other. Soft x-ray ptychography can

provide the required lateral spatial resolution combined with magnetic contrast information through

the XMCD e↵ect, for example, to directly identify and measure the impact of defects on the internal

spin configuration of the nanoparticle or the e↵ect of the magnetic interactions of dense nanoparticle

arrays in detail. Due to their importance for catalysis, the local investigation of chemical reactivity

could be carried out, where variations in chemical activity across the nanoparticle surface and facets

could be identified.

In biological samples, a drastic increase in contrast occurs in the water window (x-ray energies

between the C and O K edges) where water is transparent to x-rays but organic material is absorbing.

Soft x-ray ptychography is therefore ideal for high-resolution imaging of individual cells or of thin

sections of tissue, bone or teeth, and for high-resolution spectroscopic mapping to obtain information

about the molecular environment of particular elements. Absorption edges of light elements such as C,

N, O, Ca and K, become accessible in the soft x-ray regime and can provide information not accessible

by other methods, enabling new possibilities in nano-biology and nano-medicine.

Of increasing importance is the optimisation of composite material structures where nanoscopic

individual components are brought together to create artificially novel properties. The range of ma-

terials taking advantage of this approach is vast, from multiferroic composites, where magnetic and

ferroelectric components are brought together to create a novel magnetoelectric coupling between the

magnetic and ferroelectric order parameters [39, 40], to battery electrodes, where a mixture of active

material, conductive carbon, binder and electrolyte are brought together to enable both ionic and elec-

tron charge transport that are required for battery performance [41, 42]. Critical to the performance

of composite materials is the interface between the di↵erent phases, where the interaction processes

take place. Tools that permit the investigation of the interface region of composite materials at the

level of individual components, such as XPEEM and x-ray resonant reflectivity (using RESOXS),

are of extreme importance to better understand the often complex processes that take place at this

region of the system, in particular, in operando conditions [43–49]. Strongly-correlated materials ex-

hibiting competing ordered ground states are of particular interest, for example in the perovskite

oxides such as in the doped manganites [50] and in NiNdO3 [51, 52]. Likewise, the development of

new variables of computation for post-CMOS technologies will require access to novel electronic states

in nanoscale devices. One example is quantum entanglement using Majorana fermions for Qbit ap-

plications in quantum computing, where high-resolution spectromicroscopy is needed to characterise
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the heterostructures that can host such quasi-particle states. In this context, the direct probing of

reciprocal space by resonant x-ray scattering using RESOXS o↵ers unique insights into the electronic,

magnetic, and structural order of materials with atomic scale accuracy, providing a unique comple-

ment to both ptychography and XPEEM techniques. The integration of an x-ray detector, such as

mönch, by providing a much higher dynamic range, lower noise and single photon sensitivity, will

further expand the capabilities of the RESOXS endstation for studying strongly-correlated materials,

interfaces, and order parameters in the solid state.

We therefore anticipate that the range of techniques and of probes into matter o↵ered at the SIM

beamline will enable the user community to tackle emergent problems in science and technology with

potential for fundamental breakthroughs in science and technology.

9.1.6 Impact of SLS 2.0 on the SIM beamline

The high brilliance and improved transverse coherence of SLS 2.0 will enable us to develop techniques

with unprecedented spatial resolution and sensitivity in imaging and spectroscopy, including ptychog-

raphy and novel x-ray interference techniques. In combination with advanced surface and interface

sensitive techniques, such as XPEEM and soft x-ray resonant scattering (RESOXS), we aim at placing

the SIM beamline at the forefront of soft x-ray nano-spectroscopy imaging and nanoscale scattering.

The aim is to address both fundamental problems in physics, chemistry, and biology as well as to

reach out to technological relevant materials systems and to industry.

The new ring brilliance will have the following impact on the SIM beamline: (i) The higher flux,

round shape, and higher lateral coherence will be beneficial for scattering-based techniques, such as

ptychography and RESOXS. (ii) XPEEM: the higher brilliance may result in stronger space-charging

e↵ects and illumination inhomogeneities. We envisage working slightly o↵ the focal point position

to avoid such problems. (iii) The combination of the two undulators with the new phase matcher

provided by SLS 2.0 will enable the development of new high-sensitivity interferometric techniques.

As a major upgrade in our source, the existing phase matcher will be replaced by an improved

design, both to enable an optimal phase match between the two undulators for increased flux and to

enable us to explore x-ray interferometry approaches to probe matter. Another significant impact of

SLS 2.0 is the replacement of the current design by fast slits with absolute position motor encoders,

which would reduce significantly the time required for the beamline initialisation (by reducing beam-

profile scans times by a factor of ten) and provide error-free operation. For the SIM beamline upgrade,

we propose to carry out a number of modifications to the beamline optics aiming at simplifying the

beam path and to optimise it for di↵ractive optics downstream. The simpler optical design aims at

providing a cleaner wavefront for scattering and dispersive optical elements at the endstations.

9.1.7 Uniqueness compared to present and planned other BLs worldwide

The planned beamline concept design combining two elliptical undulators, a new phase matcher,

the XPEEM and soft x-ray ptychography spectromicroscopes, and an open port allowing for the

further development of novel instrumentation, makes the SIM beamline setup unique compared to

other soft x-ray beamlines worldwide. For the soft x-ray ptychography endstation we plan to realize

a mature instrument, easy to use and available to a broad user community. No such instrument is
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available at any other beamline yet. We foresee that, based on the existing experience with similar

instrumentation at the SLS (e.g. OMNY, FLOMNY, etc.), we will be at the forefront of the field.

Soft x-ray interferometric detection schemes based on coherent light generated by two phase-matched

undulators would be a unique feature, as yet unexplored.

9.1.8 Complementarity to other instruments at PSI

The SIM beamline will complement other beamlines at SLS by adding new tools for high resolution

imaging in the soft x-ray range with unique spatial resolution and capabilities such as 5 K and up

to 2 T magnetic field. The open port will be available to explore interferometric techniques and will

support developments for other beamlines of PSI, e.g. ATHOS.

9.1.9 Impact on the international and local Swiss community

Owing to the variety of endstations, the user community of the SIM beamline is versatile and the

beamline serves key players in diverse fields ranging from magnetism, to correlated systems, to battery

research and catalysis. The beamline has a base of about ten core user groups in addition to varying

groups from around the world. The research projects carried out at the SIM beamline result in about

20 publications per year with a significant number appearing in high impact journals (IP > 7.2).

In the recent years we have seen a sizeable increase in the demand for soft x-ray spectromicroscopy

using XPEEM. Discussions with users as well as with members of the proposal review committee

show an increasing demand for higher spatial resolution beyond the capabilities of current XPEEM

technology. This is particularly the case in the magnetism community, where new topics such as

topological spin structures, antiferromagnetic spintronics, or complex non-colinear spin structures,

e.g. in multiferroic materials, require a spatial resolution in the single digit nanometer range. By

providing a new versatile soft x-ray microscope with a very high-spatial resolution, we expect to

expand the interest of the magnetism community for our future capabilities at SLS 2.0. Similarly, we

expect that providing ultra-sensitive detection techniques based on interferometry will raise significant

interest in the condensed matter physics community.

Industrial users could benefit from the future facilities through the availability of a highly advanced

microscopy technique that enables one the nanoscopic characterisation of materials with technological

relevance, including composite materials and nanoscale electronic devices in operando conditions.

Inteferometric techniques could find applications in metrology.

9.2 Source

A large proportion of the activities at the SIM beamline is devoted to the study of magnetic phenomena,

hence, it is important that we keep a dual undulator configuration where two elliptical undulators can

be operated independently. This makes possible fast switching between di↵erent light polarisations

and the accurate and reliable measurement of magnetic signals based on dichroic e↵ects. The two

undulators UE56 will be replaced with two new APPLE-X type UE36 and, as another major upgrade

in our source, the existing phase matcher will be replaced by an improved design, both to enable an

optimal phase match between the two undulators for increased flux and to enable us to explore x-ray
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Figure 9.4: Front end components of the SIM beamline. CH1, CH2: (empty) vacuum chambers; BM1,

BM2: beam monitors; PH: photon shutter; VF: fast shutting valve; DS, DI: front end slits; ST: beam

stopper for Bremstrahlung. (Courtesy D. Just.)

interferometry approaches to probe matter. The new phase matcher benefits from the developments

made at SwissFEL and should not require major development work.

The new ring brilliance will have several impacts on the SIM beamline:

• The higher flux, round shape, and higher lateral coherence will be beneficial for scattering-based

techniques, such as ptychography and RESOXS.

• XPEEM: the higher brilliance may result in stronger space-charging e↵ects and illumination

inhomogeneities. We envisage working slightly o↵ the focal point position to avoid such problems.

• The combination of the two undulators with the new phase matcher provided by SLS 2.0 will

enable the development of new high-sensitivity interferometric techniques.

9.3 Front end

The front end components of the SIM beamline, schematically shown in Figure 9.4, comprise a number

of elements placed between the source and the SLS exit wall (including front end slits, beam monitors,

beam shutter and beam stopper) will be the target of some modifications and upgrades for SLS 2.0.b

The current length of the front end section is 6.2 m, which will be reduced to 6.1 m for SLS 2.0, a

modification that is not problematic. As part of the upgrade, the second set of beam monitors, which

can only provide a relative position of the beam, will be replaced by a new type that will provide an

absolute position of the beam (still under development). The beam stopper and beam shutter will

not require major modifications, given that the power density of the SLS 2.0 beam will not increase

significantly (by about 20%). Another critical component in the front end is the front end slits, which

are used for controlling the beam size and beam intensity for the experiments and for beam profiling

during the beamline initialisation. A significant upgrade here is the replacement of the current design

by fast slits with absolute position motor encoders, which would reduce significantly the time required

for the beamline initialisation (by reducing beam profile scans times by a factor of 10) and provide

error-free operation [53].

bThis section takes into account discussions with David Just from the Photonics Instrumentation group.
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9.4 Optics

For the SIM beamline upgrade, we propose to carry out a number of modifications to the beamline

optics aiming at simplifying the beam path and to optimise it for di↵ractive optics downstream.c A

drawing of the old and new optical path is given in Figure 9.5 calculated using x-ray tracing. In

particular, we propose the replacement of the astcmatic focal points of the beam by a single focal

point, to be located at the position of the exit slit. The simpler optical design aims at providing a

cleaner wavefront for scattering and dispersive optical elements at the endstations. With the current

SLS beam profile, the new layout provides a similar focus (calculated spot size H ⇥ V of 48 µm ⇥
23 µm for the new design at the PEEM position compared to 52 µm ⇥ 25 µm for the current layout

with the SLS beam), which is strongly limited by slope errors of the optical components. The impact

of the x-ray source (ID1, ID2 and phase shifter) on the focus is small and here again, the system

performance will be limited by slope errors. Upgrades in the optical elements will also be carried out

to bring the system to the state-of-the-art. Cleaning of the existing x-ray optics components will also

be carried out. In addition, we intend to implement an adaptive cooling scheme for the x-ray optics

elements in order to minimise noise through vibrations.

9.4.1 Filters and slits

The SIM beamline requires no filters and the exit slit will stay as at present.

9.4.2 Mirrors

We propose the replacement of the following mirrors at the beamline:

• Replacement of the collimating mirror M1 from an internally cooled GlidCop mirror to an

internally cooled silicon mirror with improved properties;

• Replacement of the flat mirror in the monochromator from an internally cooled GlidCop mirror

to an internally cooled silicon mirror;

• Removal of the current intermediate focus to achieve stigmatic focusing; this entails the replace-

ment of the focusing (M2) and refocusing (M3) mirrors.

Full motorisation of the mirrors will be implemented. The new configuration with a stigmatic

focus will allow a cleaner wavefront and better control of the beam conditioning (shape and focus),

which will be beneficial for scattering-based experiments. The new beam optics will have a first focal

point at the exit slit position and a variable second focal point at the XPEEM position or at the exit

slits for the ptychography station, selectable by means of a double toroidal mirror (M3), as shown in

Figure 9.5.

9.4.3 Monochromators

For the monochromator, we propose the replacement of the 300 and 1200 l/mm grating by blazed

gratings for improved performance.

cThe proposed changes have been discussed with Uwe Flechsig and Benedikt Rösner from the Optics group.
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Figure 9.5: (a) Current optical layout of the beamline. (b) Proposed optical upgrade. (Courtesy B.

Rösner.)

9.4.4 Secondary optics

In addition to the change of the mirrors discussed above, we will implement new diagnostic components

for a more e�cient beamline alignment and beamline performance. This will include new beam

monitors and the installation of cameras and beam sensors for beam profiling and focal adjustment.

We will also replace the fast shutter (situated just before the exit slit) support stage by a more reliable

and accurate automated stage to allow the correct positioning of the shutter.

For the ptychography endstation an additional set of slits will be installed (1 µm accuracy, in

vacuum) at the secondary focal point for accurate control of the beam size and beam lateral coherence,

see Figure 9.5.
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9.5 Endstation

The SIM beamline will support various endstations, including:

1. A permanently installed XPEEM endstation. The instrument will be the one currently

installed at the beamline, with upgrades to the electronic controllers and to the sample stage,

and installation of a 2D electron detector (eiger). This technique, due to its high surface

sensitivity, is still highly demanded by the condensed matter and materials science community

and will complement other techniques that are being developed at the SIM beamline. The

increased light flux of SLS 2.0 could become a problem for XPEEM, in that space charging may

start to a↵ect imaging conditions. Illumination with a slightly defocused beam can mitigate

excessive flux at the sample without a↵ecting strongly the beam energy spread (using the beam

focused downstream at the ptychography exit slit position).

2. A movable soft x-ray ptychography spectromicroscope, currently being developed and

commissioned. This instrument aims at taking full advantage of SLS 2.0, since it relies on sample

scattering and high lateral beam coherence. It further uses di↵ractive optical elements (Fresnel

zone plates) to focus the beam to the sample. For this new endstation, we propose a new beam

focal point downstream from the PEEM endstation; a set of high precision slits will be available

at this position for shaping the beam and for increasing the beam lateral coherence for the

ptychography endstation.

3. A generic open port, to allow the attachment of the internal RESOXS and XAS endsta-

tions, external user endstations and the further development of new instruments. The required

beamline monitoring elements are already available in the present set-up.

9.5.1 Controls and data systems

We will transition from a hybrid Windows-Linux platform to a Linux-only platform. This will be

accomplished with the installation of the PEEM eiger detector. The software for the ptychography

endstation will be Linux based. Modifications in the controls will be carried out to incorporate the

optics modifications to the beamline, including the new mirror motors and diagnostics tools.

9.5.2 Detectors

At the SIM beamline, a suite of new x-ray and electron 2D detectors will begin operation before the SLS

upgrade. For the XPEEMmicroscope, we are presently commissioning the installation of a quad eiger

detector to be acquired from PSI’s detector group, to be upgraded to an eigerII detector, currently

under development. The soft x-ray ptychography spectromicroscope and the RESOXS endstation will

use mönch detectors.

9.6 IT requirements

The IT infrastructure required for operating the soft x-ray ptychography spectromicroscope, including

the resources for analysing and storing the high volume of data acquired in ptychography, are currently

being developed and are expected to be ready before the SLS upgrade (the SIM beamline has already
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4 fiber cables, i.e., 2 connections, to the server room). Our estimate is that at the start of SLS 2.0, we

will be generating about 70 TB of raw data per year mostly generated by the mönch detector of the

soft x-ray ptychography spectromicroscope and a derived data of about 70 GB per year resulting from

data analysis. At the start of SLS 2.0, we will need in addition about 150 online controlling processor

unit (CPU) cores for fast feedback and about 400 online cores for o✏ine data processing. Five years

after start of SLS 2.0, we anticipate to generate 140 TB per year and the need for available online

cores will remain at 150 for fast feedback and will increase to 800 for o✏ine data analysis. These

numbers have been communicated to the IT division and will be considered in the upgrade of the IT

infrastructure for SLS 2.0.

9.7 Timeline

The preferred starting date (commissioning, pilot users) is 2024 and we anticipate that the beamline

upgrade will be carried out within the 12 months of the dark period. The time plan for the beamline

upgrade until the commissioning phase is provided in Table 9.2. Our goal is to start part of the

beamline upgrade before the SLS shutdown, by replacing the focusing (M1) and refocussing (M3)

mirrors by 2021 with the goal of obtaining a single focus at the exit slit position. This would directly

contribute to increased performance of the beamline and benefit particularly the soft x-ray ptychog-

raphy endstation, with the added benefit of e�cient procurement of the optical elements SLS-wide,

since they may have a two-year lead time for delivery. We plan also to carry out the commissioning

of the ptychography endstation, the installation of the eiger detector in the PEEM endstation, and

put in place several of the beamline diagnostic tools before the dark period. An upgrade of the front

end is also anticipated, and will happen independently of the final optical design. In the following

period, the drawing of the final optics layout for SLS 2.0, in collaboration with the Optics group

will be carried out, including the CAD design, followed by order placement and construction of the

outstanding optical components, such that the parts can be made available before the dark period.

The SIM light sources will be shifted 67.3 mm outwards and 540 mm longitudinally downstream. This

will require adjustment of all optical components and modifications in the lead-hutch, which however,

should not require major construction work. This will be carried out in the dark period, together with

installation of the new phase shifter in the ring and modification of the cooling system in the lead

hutch to an adaptive cooling system. In the commissioning period, we will need to fully characterise

the beamline optics and assess the new beam characteristics, after which we expect to be ready for

user operation with both XPEEM and ptychography endstations. The open port will also be available

for the other endstations.

9.7.1 Planning

The planning of the SIM beamline upgrade is envisaged to take place at four di↵erent stages. The

first, current stage involves the commissioning of the ptychography endstation, the funding for which

is being sought through an R’Equip grant from the Swiss National Science Foundation (CHF1.05M).
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2019 2020 2021 2022 2023 2024 2025
Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2

BL CDR
Installing eiger in XPEEM

Commissioning Ptychography station
Ordering M1 and M3

Beamline diagnostic tools
Slits for ptychography

BL TDR
Installing M1 and M3

Ordering grating and PM
New Front Ends

Dark Period
PEEM upgrade

RESOXS upgrade
Shift beamline optics

Adaptive cooling system
Beamline commissioning I

First users

Table 9.2: Detailed time plan for the beamline upgrades.

If granted, design and construction of the endstation will start immediately with the goal of having

the instrument fully commissioned and in operation by end of 2021, well before the dark period.

A second stage refers to optics upgrade to be carried out before the SLS shutdown, including

the transition from an astigmatic optics to stigmatic. Funds for purchasing the requisite optical

components have been requested from the PSD budget for 2020. The procurement of those optical

components in 2020 would ease the load on the suppliers, given the lead-time for delivery (2 years) and

the likely overload resulting from a simultaneous SLS-wide procurement process (a solution preconised

by the Optics group). Upgrades in the front end slits are also envisaged at this stage. During this

period, the CAD design of the beamline will be carried out, although we anticipate this will require a

minor e↵ort in view of the modest changes that are required for the SIM beamline upgrade.

A third stage will involve the required changes in the optical components to accommodate the

new source points of SIM at the SLS 2.0. This will comprise the displacement of the undulators,

the installation of a new phase shifter, the necessary modifications in the front end area and of the

endstations. Also during this period, the remaining modifications to the optics components will be

carried out, including cleaning of the optical components, change of the cooling system to an adaptive

system (i.e., dependent on heat load) and the replacement of the 300 and 1200 l/mm monochromator

gratings.

A fourth stage will correspond to the full commissioning of the beamline with the SLS 2.0 beam.

We anticipate that with the new diagnostic tools, the availability of a fast front end, in combination

with the relatively minor overall changes to the SIM beamline, this process will be accomplished within
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three months of beam availability.

9.8 Concluding remarks

One major technical adventure of the proposed SIM beamline concept lies in the development of a new

soft x-ray ptychography endstation. The planned instrument is highly innovative and benefits fully

from the increased coherence of SLS 2.0 and of the leading role of PSI in ptychographic measurement

and reconstruction. Another exciting perspective is that of taking advantage of the two undulators and

the new phase matcher for SLS 2.0 for devising new schemes for ultra-sensitive detection of changes in

the optical signal of materials or in nanosized samples via interferometry. Soft x-ray interferometric

detection schemes based on coherent light generated by two phase-matched undulators would be a

unique feature, as yet unexplored.

The planned beamline concept design combining two elliptical undulators, a new phase matcher, the

XPEEM and soft x-ray ptychography spectro-microscopes, and an open port allowing for the further

development of novel instrumentation, makes the SIM beamline set-up unique compared to other soft

x-ray beamlines worldwide. For the soft x-ray ptychography endstation we plan to realize a mature

instrument, user-friendly, and available to a broad user community. No such instrument is available at

any other beamline yet and we anticipate that the capabilities provided by this instrument will place

us at the forefront of the field. The proposed upgrades to the SIM beamline are an important step in

reaching these goals and in pushing the SIM beamline to the vanguard of soft x-ray nano-spectroscopy

imaging and nanoscale scattering worldwide.
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Real-space observation of emergent magnetic monopoles and associated Dirac strings in artificial

kagome spin ice. Nature Phys., 7:68, 2011.

[5] T. A. Ostler, J. Barker, R. F. L. Evans, R. Chantrell, U. Atxitia, O. Chubykalo-Fesenko, S. El

Moussaoui, L. Le Guyader, E. Mengotti, L. J. Heyderman, F. Nolting, A. Tsukamoto, A. Itoh,

D. Afanasiev, B. A. Ivanov, A. M. Kalashnikova, K. Vahaplar, J. Mentink, A. Kirilyuk, Th.

Rasing, and A. V. Kimel. Ultrafast heating as a su�cient stimulus for magnetization reversal in

a ferrimagnet. Nat. Commun., 3:666, 2012.

[6] M. Buzzi, R. V. Chopdekar, J. L. Hockel, A. Bur, T. Wu, N. Pilet, P. Warnicke, G. P. Carman,

L. J. Heyderman, and F. Nolting. Single domain spin manipulation by electric fields in strain

coupled artificial multiferroic nanostructures. Phys. Rev. Lett., 111:027204, 2013.

[7] A. Farhan, P. M. Derlet, A. Kleibert, A. Balan, R. V. Chopdekar, M. Wyss, L. Anghinolfi,

F. Nolting, and L. J. Heyderman. Exploring hyper-cubic energy landscapes in thermally active

finite artificial spin-ice systems. Nature Physics, 9:375, 2013.
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Chapter 10

X-Treme - XMCD at high fields and low
temperatures

Jan Dreiser, Cinthia Piamonteze, and Stefan Zeugin

In a nutshell

The X-Treme beamline is dedicated for the use of polarized soft x-rays to investigate magnetic

systems at high magnetic fields and low temperatures. The provided sample environment

of 7 T and 2 K together with in-situ sample preparation, a variety of detection methods,

and the beam stability render the beamline highly competitive in a worldwide level. A wide

breadth of systems are probed at X-Treme, ranging from a few atoms or molecules covering

only fractions of a monolayer up to complex heterostructures.

With the advent of SLS 2.0, we propose to modify the beamline optics in order to provide

a much smaller focus size, of the order of tens of microns which will greatly increase the

current spatial resolution. This will open up possibilities to measure small samples and pro-

totype devices. In addition, we propose a flexible optical layout where a lower beam density

is also available, allowing one to measure radiation-sensitive samples. A new undulator is

proposed which will extend the energy range in the first harmonic (where full circular po-

larization with full flux is available) and in addition provide ten times faster polarization

switching. The faster polarization switching will enable a much more precise and stable

one-shot measurement of the element-specific magnetic hysteresis curves. A new endstation,

for which funding was granted by the Swiss National Science Foundation, will provide two

times higher magnetic fields and faster ramping sweep rates, providing sample-environment

conditions complementary to other endstations around the world, which will keep X-Treme

unique and highly competitive.

In summary, the new X-Treme beamline will allow the exploration of magnetic properties in

greater magnetic fields, with higher spatial resolution and more precise one-shot measure-

ments of magnetization curves, provided by fast polarization switching.

–133–
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10.1 Overview

Soft x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) [1] probe

element-specific spin and orbital magnetic moments with ultrahigh sensitivity reaching down to sub-

monolayers of materials. X-Treme is specialized in XAS/XMCD at low temperature (2 K) and high

magnetic field (7 T) [2]. Among these features which render the beamline competitive on a worldwide

level, the sample-preparation system is of high importance, allowing one to prepare samples and to

measure them in situ without breaking the ultrahigh vacuum. These features allow one to perform

research on a large breadth of possible systems, including surface magnetism with adsorbed atoms or

molecular magnets, as well as complex oxide heterostructures. The X-Treme beamline shares a UE54

undulator with the Phoenix I beamline. Furthermore, from time to time, the Phoenix II endstation is

installed a few meters behind the X-Treme endstation, allowing the soft x-rays of X-Treme to be used

in chemical spectroscopy experiments.

The X-Treme beamline was constructed by a collaborative e↵ort between the Laboratory of Nanos-

tructures at Surfaces (LNS), lead by Prof. Harald Brune at EPFL and the Microscopy and Magnetism

group in the Photoscience Division (PSD) at PSI. This collaboration concerns both joining the com-

plementary expertise of the di↵erent researchers involved as well as a shared funding scheme. While

PSI has financed the beamline components, the endstation was funded by SNSF through a proposal

from LNS with matching funds from EPFL. This collaboration scheme will continue in our upgrade

plans here proposed.

In the context of the SLS upgrade, we propose here to perform major modifications of the elements

of the X-Treme beamline while leaving the basic scientific method unchanged. This will allow us to

attract new users while also maintaining the current established and highly successful user community.

We are convinced that the proposed changes will render the beamline competitive for the following

decade.

The proposed changes comprise (a) the installation of a new UE44 undulator with fast (ca. 2 s)

helicity switching time (see Chapter 2), important for the XMCD measurements. This undulator will

deliver both circularly and linearly polarized x-rays. So far, fast helicity switching was only possible

either using two undulators with tune-detune [3] or kicker-magnet schemes [4], or by employing an

electromagnetic undulator (such as the EMPHU-65 device used at the DEIMOS beamline at Soleil [5],

which can, however, only produce circular polarization). Furthermore, we propose (b) the replacement

of the beamline optics and (c) of the superconducting magnet endstation (SNF R’Equip proposal

accepted in November 2019), as well as (d) an upgrade of the sample-preparation system. Item (b)

will allow one to perform simple microscopy experiments that do not require the high spatial resolution

as, e.g. in a scanning transmission x-ray microscope (STXM); however, as an advantage, the flux is

not reduced by additional optical elements such as zone plates. The optical upgrade will also provide

the choice to use a large beam which is important for the measurement of radiation-sensitive systems.

Regarding point (c), besides increasing the available magnetic field, we are currently working on x-ray
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detected pulsed electron paramagnetic resonance experiments at low temperature to measure the spin

coherence times of magnetic quantum bits (PSI internal CROSS project started in October 2019).

This method will be a forerunner and become available as a worldwide unique user experiment at the

X-Treme station. In the following these upgrades will be discussed in more detail.

In the current design of the SLS 2.0 optics, a transverse shift of all beamline elements of �R =

67.3 mm toward the outer wall is foreseen, following the source point shift imposed by the new machine

design. The implications in costs and manpower of this beamline relocation are not taken into account

in this chapter.

10.1.1 Gains from beamline and ring upgrade

The smaller divergence and spot size of SLS 2.0 has allowed us to rethink the optical design to optimize

the beam focus. The proposed new optics, together with the higher SLS 2.0 brilliance will enable us

to reach nearly a one order of magnitude smaller spot size at the sample position. The smaller

spot size will allow us to study, e.g., lithographically prepared samples (as prototype devices) and

spatially inhomogeneous samples keeping a similar integrated photon flux compared to the present

case. Furthermore, the new proposed undulator matches better the operation energy of X-Treme

allowing to extend the first harmonic range towards higher energies. This will give a one order of

magnitude higher total flux for circular polarization in part of the lanthanides’ M4,5 edges. The new

undulator is planned to provide ten times faster polarization switching. The endstation will also be

upgraded, (SNSF R’Equip granted), which will allow us to reach two times larger magnetic field (from

7T to 14T) with a sweep rate which is more than twice faster than we have now (from 2T/min to

5T/min, for fields up to 10T).

10.1.2 Uniqueness of X-Treme in the international milieu

Among the several soft x-ray MCD beamlines worldwide, X-Treme is one of the very few which provides

low temperatures and high magnetic fields in combination with in-situ sample preparation including

advanced tools like scanning tunneling microscopy. The upgraded X-Treme endstation will provide

magnetic fields of up to 14 T with a fast sweep rate. The new endstation will render X-Treme a

worldwide unique beamline in combination with the in-situ sample preparation facility.

In addition, the new endstation will be compatible with a future optional upgrade to incorporate

a 3He insert, which will allow also to reach sample temperatures below 1 K.

10.1.3 Complementarity to other SLS beamlines

X-Treme serves predominantly communities working on thin film magnetism, surface and interface

science and dilute paramagnetic systems. Several other SLS beamlines are also overlapping science-

wise with these fields. These include (SLS 1.0) mainly SIS, PEARL, SIM, ADRESS.

In terms of sample environment X-Treme is unique in SLS. It complements very well the soft x-ray

microscopy endstations in SLS (as the STXM at Pollux, the PEEM at SIM and the new planned

ptychography endstation at the SIM). While these endstations o↵er high spatial resolution with mild

magnetic fields and standard low temperatures, X-Treme pushes the limit in the sample environment.



136 X-TREME - XMCD AT HIGH FIELDS AND LOW TEMPERATURES

This will be even more the case with the new endstation. In addition, the new optimized spot size,

will allow X-Treme to study systems in the micrometer range, being also complementary in terms of

spatial resolution to the soft x-ray microscopy beamlines in SLS.

10.1.4 Impact on the international and local Swiss community

The overbooking of the X-Treme beamline ranges between 2.0 and 2.8, since it has been open to

external users. In the last few years, approximately 30-50% of the proposals were submitted by local,

Swiss, groups, while 40-60% came from European, non-Swiss facilities and about 10% were submitted

by other, international researchers. The upgrade of the X-Treme beamline is planned to still serve the

current user community, but in addition it will provide more features (higher magnetic field, smaller

spot size in the focused case, x-ray detected pulsed electron paramagnetic resonance) which will appeal

to a larger range of scientific cases. Therefore, we expect that the X-Treme beamline will be able to

attract an even larger user community than it does at present.

10.2 Source

Concerning the undulator source [item (a) of the previous paragraph], the key features of the proposed

new undulator are summarized in Table 10.1. The most important change is the fast helicity switching,

which will allow for a radically new measurement scheme. Currently, in order to obtain a magnetic

(XMCD) hysteresis loop, two full loops have to be measured between which the x-ray helicity is

switched. The validity of this approach is predicated on the assumption that the magnetic properties

do not change over time. In the current state, it is impossible to verify whether this assumption

is correct or not. Certainly, this assumption is problematic for radiation-sensitive systems, which

represent a good fraction of the investigated samples.

The new undulator will allow one to measure directly the XMCD in one field sweep scan, that is,

a single magnetic loop, instead of measuring one field sweep per x-ray polarization, as done currently.

Furthermore, the energy range will be shifted with respect to the current undulator, which will allow

to access part of the lanthanide M4,5 edges with the first harmonic, resulting in one order of magnitude

higher flux in the circular polarization mode compared to the third harmonic currently used for the

lanthanides.

10.3 Front end

The current front end includes two x-ray beam position monitors (XBPMs) as well as movable vertical

and horizontal blades which allow one to set the position and size of the accepted radiation cone from

the insertion device.

For the SLS upgrade, it is planned to reuse major components of the existing front end. Currently,

the following modifications of the front end are planned: (a) the movement of the front end elements

according to the new SLS 2.0 lattice; (b) introducing a fast scanning option (ca. 3 s timescale) of the

vertical and horizontal blades in order to obtain a detailed beam profile within a reasonable time; (c)
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Description Current Proposed for SLS 2.0

ID type UE54 UE44

Available polarization (linear) 0o - 90o 0o - 180o

Available polarization (circular) circular left/right circular left/right

1st harmonic energy range [eV] 185-950 260-1300

Time to switch between circular polarization helicities [s] 30 2

Period length [mm] 54 44

Number of periods 32 ⇠75

Table 10.1: Comparison between the current and the proposed insertion devices. The UE44 is the

fixed gap APPLE II undulator of the current ADRESS beamline. The undulator will be updated by

exchanging the drive system with a hyndraulic drive system to allow fast helicity switching with a

single device and adding the 5-axis cam-shaft movers which allow a precise remote adjustment of the

undulator with respect to the beamline axis.

the removal of the second XBPM located at the front end slit position if (and only if) item (b) can

be successfully established. See also Chapter 3.

10.4 Optics

10.4.1 Filters and slits

Currently there is one filter (attenuator) located before the exit slit. It consists of a 3 µm thick

aluminum foil, which can be moved into the beam by a translation stage. It has the function of

reducing the flux to protect radiation-sensitive samples. Currently the flux reduction is a factor of

⇠ 10 at a photon energy of 700 eV. For the SLS upgrade, it is foreseen to include more filters with

varying thicknesses on the same linear stage to have di↵erent choices of flux-reduction factors.

The beamline is equipped with a vertical exit slit after the monochromator which defines the vertical

focus size at the endstation and the energy resolution. We plan to replace this exit slit by double slits

with vertical and horizontal openings (Layout 3 discussed in Section 10.4.2) to be able to control the

spot size at the sample position.

10.4.2 Mirrors

The optics layout of X-Treme is illustrated in Figure 10.1(a). It includes three standalone mirrors and

another one implemented in the plane grating monochromator. The first, collimating, mirror (CMU,

collimating mirror unit) performs a collimation in the vertical plane and focuses in the horizontal. The

focusing mirror (FMU, focusing mirror unit) then focuses the beam vertically after the monochromator

onto the exit slit. Finally, the refocusing mirror (RMU, refocusing mirror unit) focuses the beam onto

the sample. The RMU can be moved out of the beam, which allows one to choose between a focused

and a defocused beam mode. Given that SLS 2.0 will allow for a smaller horizontal focus, we will
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take advantage of that and improve the optical scheme to obtain a significantly smaller focused spot

size. This will be complementary to the microscopy endstations at SLS and SLS 2.0, allowing the

measurements of samples in the range of ⇡ 30 µm in a high-field and low-temperature environment.

It should also be noted that the horizontal defocused spot size will decrease by 60% in SLS 2.0

compared to the current spot size. This will pose problems for systems su↵ering from x-ray induced

demagnetization, radiation damage, or electrical charging. Therefore, the proposed optical upgrade

will recover a larger defocused beam to allow the measurement of radiation sensitive samples, and will

also provide significantly smaller spot size, when operating with focused beams.

The current optical scheme in X-Treme with the horizontal focusing at the first mirror was chosen

during the beamline construction to allow acceptance of the full beam by the FMU. With SLS 2.0,

the smaller horizontal divergence enables a di↵erent optical layout [Figure 10.1(c)], which we discuss

below.

Figure 10.1: (a): Layout 1: current optics scheme of the X-Treme beamline. (b) Layout 2: same

optical layout with new RMU and double exit slits. (c) Layout 3: optimal layout, with change of

horizontal focusing from CMU to FMU.

Two upgrade options are shown in Figures 10.1(b) and 10.1(c). The trade-o↵ between these options
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lies in the flux performance and the size of the focal spot versus the total cost.

In Layout 2 [Figure 10.1(b)], the CMU and FMU mirrors are kept, which is possible initially at

SLS 2.0, anticipating an upgrade at a later time. This solution would imply a temporary trade-o↵

between focus size and flux until the focusing scheme is adapted. If the source point moves significantly

upstream (>800 mm), CMU and FMU have to be upgraded together with the machine upgrade to

keep X-Treme operational. The larger defocused spot size is achieved by a convex mirror at the RMU.

The RMU is planned to have three polished surfaces for di↵erent uses: for focusing, for defocusing,

and a flat surface for deflecting the beam to the Phoenix-II endstation. In Layout 2, the small focused

beam is achieved at the cost of flux, by including a horizontal exit slit in addition to the current

vertical slit.

The strongly preferred and optimal design is given by Layout 3 in Figure 10.1(c). In this design the

horizontal focusing will no longer be performed at the initial collimating mirror, but at the focusing

mirror. This allows a higher demagnification factor of the source which at the same time decreases

the focused spot size and increases the defocused spot size. Therefore the change in optical layout

achieves the two main goals for X-Treme in SLS 2.0, with full flux.

Also here, the RMU is planned to have three polished surfaces for di↵erent uses: for focusing, for

defocusing, and a flat surface for deflecting the beam to the Phoenix-II endstation.

In Table 10.2, the anticipated beam spot sizes and transmission resulting from the di↵erent scenarios

are summarized. Layouts 2 and 3 are the ones outlined in Figures 10.1(b) and (c), respectively, and

described above. Versions (a), (b) and (c) in Table 10.2 correspond to keeping the RMU at the same

position or moving the RMU and the endstation downstream by 1 or 2 meters, respectively. The

amount of movement of the RMU and endstation downstream will depend on the final geometries of

the Phoenix beamline and auxiliary elements. The calculations were done with the current source

distance. For ring lattice B062 the ID position in sector 7 will move by 540 mm upstream which can

be compensated by changing the mirror angles in case we decide to start with Layout 2. There is

another mirror-symmetric position for the ID which would involve a movement of 1800 mm of the

source compared to the current position. This will make the spot sizes in Table 10.2, Layout 3, smaller

by about 10%.

Table 10.2 illustrates the di↵erences in performance between Layouts 2 and 3. Layout 3 delivers

larger defocused spot sizes compared to Layout 2. The horizontal focused spot size in Layout 2 is at

least a factor of two larger than in Layout 3. A similar focused spot size in Layout 3 compared to 2,

is obtained by reducing the beam with the newly proposed horizontal exit slit in which case the flux

is decreased to half, as pointed out in Table 10.2.

10.4.3 Monochromator

The beamline includes a plane-grating monochromator (PGM) with three gratings having di↵erent

line spacings, which allow one to optimize either the photon flux or the energy resolution. Because

of the highly reliable operation and excellent performance of the present monochromator, this item is

foreseen to be further utilized for the SLS upgrade, other than some minor maintenance work.
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Layout 2a Layout 2b Layout 2c Layout 3a Layout 3b Layout 3c

Defocused [mm] 1 ⇥ 1 1 ⇥ 1 1 ⇥ 1 0.8 ⇥1.2 1.0⇥1.6 1.2⇥2.0

Focused [µm] 65 ⇥ 23 43 ⇥ 14 33 ⇥ 8 80 ⇥ 23 49 ⇥ 14 37 ⇥ 10

Transmittance [%] 43 47 47 100 100 100

Table 10.2: Spot sizes (H ⇥ V) FWHM at the sample position for di↵erent beamline optical layouts

as explained in the main text. Calculated transmittance normalized to the values of Layout 3, which

are expected to be close to those of the present Layout 1, is given for the focused spot size.

10.5 Endstation

In Table 10.3, the key properties of the envisioned, upgraded endstation are summarized. It will

include an increase of the maximum available field by a factor of 2, resulting in 14 T, while leaving

the sample base temperature unchanged. The options for the acquisition of an ultralow temperature

(3He) insert in combination with the 14-T upgrade, which will allow one to reach sample temperatures

below 500 mK, are currently under evaluation. Figure 10.2 depicts the proposed modified layout with

the RMU and the endstation moved downstream by 2 meters, according to the Layouts 2c or 3c

mentioned in Table 10.2. Regardless of this translation, the 14-T magnet produces a stray field which

does not allow one to operate the current sample-preparation chamber behind the endstation. This is

because of the magnetic field limits of the necessary turbo pumps. Moreover the interference of the

Ar+ ion gun operation with the stray field, prohibits in-situ sample preparation while the field is in

use, which corresponds to most of the measurement time.

Current Proposed for new endstation

Maximum field (T) 7.0 14.0

Maximum sweep rate (T/min) 2.0 6.0

Lowest temperature (K) 2.0 2.0

Table 10.3: Key features of the proposed upgraded endstation.

In order to allow simultaneous measurement and sample preparation, which is mandatory for an

optimal use of the x-ray beam, certain measures have to be taken. These include (a) vibrational

decoupling between preparation and measurement chambers, and (b) a spatial separation between

preparation system and magnet chamber. (a) will suppress the spreading of mechanical vibrations

caused by operating the preparation system close to the measurement chamber where the vibrations

will result in electrical noise spoiling the x-ray absorption measurements. (b) means that the prepa-

ration system is exposed to a smaller magnetic stray field still compatible with the operation of turbo

pumps. Taking these issues into account, we propose to set up the preparation system laterally,

as shown in Figure 10.2. The spatial separation will be achieved via a cylindrical sample storage

and transfer chamber having a radial telescopic transfer arm. With this arm, di↵erent neighboring

chambers can be accessed for the surface preparation as well as for materials deposition (metals or
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molecules) onto the cleaned surfaces. In this context, it would be clearly advantageous to have more

space available toward the neighboring beamline (which now is NAPP/NanoXAS). In lattice B062 the

the 7M and 7D source points move radially in opposite directions which means only a minor increase

of the distance between the two beamlines. As can be seen in Figure 10.2, with the new proposed

preparation system, there would be only ⇡ 1 m of free space left between the X-Treme preparation

system and NanoXAS beamline pipe.

The small spot sizes in the focused mode, as listed in Table 10.2, will require improved sample

positioning and stabilization. Currently, di↵erent options are being evaluated in order to allow a

positioning accuracy of the order of ⇠ 15 µm.

Figure 10.2: Proposed modified layout of the endstation environment with the refocusing mirror unit

(RMU) and the X-Treme endstation moved 2 m downstream. The sample-preparation system is now

located laterally (it is currently behind the endstation). If it is decided to keep the NanoXAS/NAPP

beamline at its current location, the X-Treme preparation system can be adjusted in order to accom-

modate su�cient room for potential escape paths between the two beamlines.

10.5.1 Controls and data systems

The energy scans of the beamline are performed “on-the-fly” (otf), which means that the monochro-

mator moves continuously, allowing the routine measurement of a 50-eV-wide energy scan in two to
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three minutes. During the otf scans, the monochromator acts as a “master” and moves continuously

while the insertion device is moving in steps following the monochromator energy readback. The im-

plementation was done this way because the motion-control system does not allow a fully synchronous

movement of both devices. This non-synchronous movement can lead to undesired artefacts in the

photon-energy scans under certain circumstances. Therefore, in SLS 2.0, such otf scans will benefit

from a motion-control system that enables the true synchronous movement of both the monochroma-

tor and the insertion device. Currently our otf scans are performed with the PGM moving linearly

and the ID moving in steps. In some cases this can induce additional noise in the scan since we are

not always at the top of the harmonic. Moreover, the PGM is composed of two moving components:

plane mirror and plane grating. Currently they are not moving synchronously, which could also lead

to small distortions in the scan since the cff value of the monochromator (ratio of the cosines of PM

and PG angles) changes through the scan.

10.5.2 Sample environments and delivery

At X-Treme, the sample environment is combined with the magnet endstation, as discussed already

in Section 10.5. In order to receive funding for the new measurement station, a R’Equip proposal was

submitted to the Swiss National Science Foundation, which was accepted in November 2019.

10.5.3 Detectors

There are four detection modes which are routinely used at the X-Treme beamline. These include (a)

the total electron yield detection, (b) total fluorescence yield detection, (c) transmission detection and

(d) x-ray excited optical luminescence detection. These four detection modes will be available after

the upgrade.

Furthermore, as mentioned in the Introduction, we are currently developing a novel detection

scheme based on x-ray detected pulsed electron paramagnetic resonance. This will allow one to

selectively address di↵erent species of the same element (e.g. di↵erent sites of Cu(II) in a given crystal

structure) in order to disentangle the superposing XMCD response of each species. Furthermore, it

will enable the measurement of the spin coherence times of surface-adsorbed spin carriers such as

molecular magnets or paramagnetic atoms.

10.6 IT requirements

The rate of measured experimental data is of the order of ⇠ 10 to 50 MB/day. We anticipate that

this rate will not increase significantly after the SLS upgrade. Therefore, the requirements for data

storage and transfer are modest. The data rate may increase moderately once the x-ray detected

pulsed electron paramagnetic resonance experiment will be in routine operation. The expected rate is

still under evaluation.
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10.7 Timeline

The foreseen timeline for the X-Treme upgrade, including the endstation upgrade (which is not directly

connected to the SLS 2.0 upgrade) are outlined in Table 10.4.

Table 10.4: Envisioned timeline of the X-Treme beamline and the endstation (ES) upgrade.

2020 2021 2022 2023 2024 2025

Milestones

Order endstation

Order UE34 undulator

Design and order

sample-prep. system

Commission new ES

Order optics

Install undulator

Install optics

Pilot proposals

User operation

10.8 Concluding remarks

In this chapter we have described the envisioned upgrades of the di↵erent elements of the X-Treme

beamline in the framework of the SLS 2.0 upgrade. New features include the fast (2-3 s) helicity

switching, a very high (14 T) magnetic field combined with a base temperature of 2 K, the choice

between a large and a tightly focused spot size, and an enhanced in-situ sample-preparation system.

The midterm option of acquiring an ultralow temperature setup ( 500 mK) is still under evaluation.

The changes, which will require a moderate investment, are of extreme importance for the beamline

to remain at the forefront of nano-magnetism research on a worldwide level in this highly competitive

environment.
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Chapter 11

PHOENIX: XAS, XES and coherence for
energy and environmental research

Thomas Huthwelker, Camelia Borca, Christoph Bostedt, Christophe
Frieh, and Reto Wetter

In a nutshell

The PHOENIX beamline will be one of the few undulator beamlines worldwide which o↵er

x-ray microspectroscopy for both soft x-rays and the rarely served tender energy range. The

scientific goal of the beamline is the in situ characterization of crystalline and amorphous

materials in terms of morphology, atomic composition, local order, ligand coordination, and

electronic structure covering time scales from hours to picoseconds and length scales from

mm to ⇠ 100 nm. The energy range (0.3 � 8 keV) covers the K-absorption edges of low

Z-element (O to Fe) and important L-edges (K to La), which places PHOENIX in a unique

position to address important questions related to catalysis, energy research, earth science,

biology, geochemistry and the design of new functional materials.

The SLS 2.0 upgrade will enhance the photon flux by up to a factor of 10. Most notably,

the particularly strong gain in coherence for tender x-rays opens a new avenue for coherent

imaging and scattering. PHOENIX will maximally exploit the SLS 2.0 upgrade by o↵er-

ing flux-hungry techniques, in particular x-ray emission microspectroscopy (XAS and XES),

time-resolved studies pump and probe studies with micro- and picosecond resolution, scan-

ning fluorescence microscopy, small-angle x-ray scattering (SAXS) and coherent di↵raction

imaging (CDI).

The envisioned combination of techniques in one single experiment, will allow the character-

ization of physico-chemical processes in situ on both a molecular level by spectroscopy, and

simultaneously on a nanometer scale by CDI and SAXS. Such experiments can be crucial to

decipher complex multiphase chemical processes, as it often occur in batteries, catalysis or

geochemistry.

–147–
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11.1 Overview

11.1.1 Scientific method

Unraveling the complex interplay between a material’s chemical and physical properties, its electronic

structure, and its morphology on the micro- and nanoscale is key to understanding modern functional

materials. Tackling such questions requires techniques covering a wide range of lengths (atomic scale

to mm) and timescales (ps to s). Examples may include nanostructured battery materials, catalysts,

biominerals, or multiphase atmospheric aerosols, which are relevant to energy research, catalysis,

environmental sciences, climate research, geology and biology. Key elements in these fields are the

low-Z elements (Na-Fe), and also transition metals, which have K- and L-absorption edges in the

energy range 0.3 � 8 keV, which includes both soft x-rays and the traditionally under-represented

tender x-ray range (2� 5 keV).

Typical research goals are the identification and mapping of oxidation states on a micrometre

scale, characterization of ligands in complex systems, deciphering the electronic structure and the

nature of chemical bonding and coordination, or the elucidation of the role and location of trace

impurities in chemical reactions. Here, x-ray absorption and emission microspectroscopies (XAS and

XES) are key techniques, as they provide information about the local atomic order, coordination, and

electronic structure in both crystalline and amorphous matter. As an undulator beamline, PHOENIX

(PHOtons for the Exploration of Nature by Imaging and XAFS) o↵ers advanced techniques for x-ray

microspectroscopy and imaging with tender x-rays. It covers the complete soft and tender x-ray regime

(0.3 to 8 keV), providing access to the K-edges of most light elements (N-Fe), and also to the L-edges

of transition metals (Zr-Sn, Sb-Cs).

11.1.2 User community

The quite diverse user community addresses many topics including catalysis [1–4], energy research [5],

electrochemistry [6, 7], biology [8], studies on solution structure [9, 10], structural studies on light

elements [11–14], instrument and detector development [15–17], cultural heritage [18,19], earth sciences

[20, 21], time-resolved studies with picosecond time resolution [22, 23], and XPS studies using an

external user station [24–28], hosting Swiss and international users. Figure 11.1 illustrates typical

examples. Electrochemistry is an emerging field for research using low-Z materials, as it is driven by

the need to manufacture novel batteries of abundant elements (e.g. Na, Al, Mg, S, P, see [6,7,29–36]).

The PHOENIX beamline, which operates time-shared with the X-Treme beamline, had a healthy

average overbooking factor of 1.8 during the last decade, which rose to above 2.0 since 2019. We

expect a swift continuation of our intense collaboration with the existing user community, based on

a few important new future research directions. There will be a growing demand to investigate both

morphological changes on a submicron-scale and chemical coordination changes that take place in an

in situ reaction. Examples include cyclic heterogeneous chemical processes, which occur in battery
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Figure 11.1: Examples for research performed at the PHOENIX beamline. (a) Spectroscopic study of

supersaturated carbonate solutions using a liquid microjet disproves the existence of calcium carbonate

clusters in solution [10]; (b) Time-dependent P K-edge XANES spectra follow the charging/decharging

of a novel phosphorus-based battery, insert shows loading state of battery [7]; (c) Elemental mapping

of light elements in soil surrounding a plant root; [37] (d) Al K-edge spectra of various solid and

dissolved compounds and as a comparison Al K- and L-multielectron excitation (insert) [38].

charging/discharging cycles or in mineral-based carbon capture technologies. Our goal is to study both

types of changes simultaneously by combining XAS and XES with coherent imaging and (anomalous)

scattering, which could become a unique approach. Anomalous scattering and di↵raction can play

a key role to elucidate the specific role of light elements, which is impossible at other scattering

beamlines, which typically operate at higher energies compared to PHOENIX. In the last one to two

years, a new user community is emerging at PHOENIX, which uses emission spectroscopy at tender

x-rays to investigate various topics from research on solar cell perovskites to ion-pairing in aqueous

solutions. Finally, there is a growing request from international users to implement pump and probe

studies in the micro-second to picosecond ranges This development is particular important, as it

directly connects the user communities of PHOENIX and Alvra at SwissFEL.

11.1.3 Impact of SLS 2.0 on PHOENIX

The horizontal electron beam divergence at SLS 2.0 is reduced by about a factor of 7 compared to the

present performance. This will enhance the beamline transmission by about a factor of 2 to 5 in the

tender x-ray range depending on energy and beamline configuration. The source area will be reduced
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by about a factor of 8.5, pushing the achievable spot size into the 1 µm range, if the mirrors of the KB

system are replaced with higher-quality mirrors. If the UE44 undulator will be used, the total photon

flux into the beamline would rise by a factor 3 to 10 for energies between 0.5 and 8 keV. This increase

in total flux would be extremely beneficial for systems with low concentration and for photon-hungry

techniques, such as emission spectroscopy and pump-probe experiments. The most important benefit

in the tender x-ray range will be the dramatic increase in horizontal coherence by a factor of 10. This

will open fundamentally new opportunities for scattering and imaging techniques in the tender x-ray

range. For further details, see Section 11.2.

11.1.4 Uniqueness compared to other beamlines worldwide

PHOENIX is an insertion-device beamline, which o↵ers a microfocus for the combined soft and tender

x-ray ranges (⇠ 0.3 � 8 keV). To minimize scattering and absorption in the gas phase, samples are

kept in a vacuum chamber, which is devoted to in situ experiments. To ensure maximum energy

resolution of the incoming photons, PHOENIX uses a planar grating monochromator (PGM) for soft

x-rays and a double crystal monochromator (DCM) for tender x-rays. In Europe, only LUCIA (Soleil,

0.6-8keV) and ID21 (2-10keV) are comparable insertion-device beamlines with similar specifications

in terms of focal size and the possibility to host samples in a vacuum chamber. These complementary

beamlines o↵er a di↵erent scientific focus than PHOENIX. ID21 and LUCIA specialize in scanning

microscopy, microspectroscopy, and XAS. PHOENIX o↵ers XAS and micro-spectroscopy as well, but

has a stronger focus on additional options for complex in situ studies (catalysis, electrochemistry, liquid

microjet). Although this is partially driven by the local Swiss chemical community, PHOENIX also

hosts a steadily increasing number of international users in the field. The ongoing implementation of

novel pump-probe schemes in the pico- to microsecond time domains and the implementation of micro-

emission spectroscopy represent unique features of the PHOENIX beamline, which further illustrate

the di↵erent scope of PHOENIX. The emission spectrometer recently developed at ID26 (ESRF, TXES

endstation), is an in-vacuum emission spectrometer, similar to the new instrument proposed here.

The main di↵erence is that we will integrate the spectrometer fully in the scanning microscope and

scattering experiments, providing an extended scope of the instrumentation. There are other European

facilities which operate either on a bending magnet, rendering flux-hungry measurement di�cult, or

do not provide a vacuum chamber, which is essential in the tender x-ray energy range. At the APS,

beamline 13-ID-E is an insertion device beamline covering the range of 2.4 to 28 keV, but without

a vacuum endstation, which puts the focus of this beamline towards heavier elements. Emission

spectrometers for the tender x-ray range have been used as temporary installations or are dedicated

instruments, such as the one-crystal Johansson spectrometer at beamline 6.2a at the SSRL. To the

best of our knowledge, currently other beamlines worldwide are either bending magnet beamlines or

provide XAS in the tender x-ray range as an add-on to higher energies in non-vacuum environments.

Hence, PHOENIX o↵ers the full soft and tender energy ranges for x-ray microscopy, in situ, and

pump-probe experiments in various research fields. Furthermore, the integration of high-resolution

emission spectroscopy and anomalous scattering into the general imaging capability of the beamline

would be another important asset to the PHOENIX beamline. The overall goal is to o↵er µ-XAS, µ-

XES, CDI and/or SAXS, in a special setup for complex in situ studies, which would make PHOENIX
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a worldwide unique facility.

11.1.5 Complementarity to other PSI beamlines

Due to its special tender x-ray energy range, PHOENIX is complementary to other SLS beamlines, as

further detailed in the main text. X-ray absorption and emission spectroscopy is o↵ered at SuperXAS

for energies above 4.5 keV, while PHOENIX covers lower energies (XES: 2�5 keV, XAS 0.3 to 8 keV).

The cSAXS beamline o↵ers SAXS and CDI at energies above ⇠ 5 keV, SIM plans CDI for energies

below 2 keV, making PHOENIX complementary by covering the intermediate energies. Similarly,

due to its energy range, PHOENIX complements scanning x-ray absorption microscopy at PolLux

(< 1.6 keV) and µ-XAS (> 4 keV). Finally, the Alvra beamline at SwissFEL covers similar energies

and instrumentation for pump and probe experiments on a femtosecond timescale, while PHOENIX

covers longer timescales from some ⇠ 100 ps to µs.

11.1.6 Strategy for the PHOENIX beamline at SLS 2.0

The long-term strategy for PHOENIX has three interconnected goals:

1. Use the dramatically enhanced coherence in the tender x-ray range to add new options for

coherent and anomalous scattering.

2. Exploit the significantly enhanced flux to further develop new unique capabilities for x-ray

emission spectroscopy in the tender x-ray range.

3. Add capabilities for time-resolved studies in the second to picosecond time domain.

Maintaining beamline capabilities and use of coherence. A basic upgrade (‘maintain and

coherence’, Section 11.7.1) preserves the beamline’s functionality and prepares for future upgrades by

modest investments (stabilization of relevant elements by mounting on granite blocks, adding high-

quality pinholes, slits and detectors). These actions are only possible during the dark period of the SLS

upgrade, as they involve significant civil engineering, which would otherwise hamper user operation.

It will enable new options for scattering [small angle x-ray scattering (SAXS), coherent di↵raction

imaging (CDI), and ptychography] using the existing infrastructure. This strategic approach ensures

that the benefits of the dramatically enhanced coherence of SLS 2.0 in the tender x-ray range (see

Section 11.2) will be available directly after the dark period. These activities will be carried out in

close collaboration with the coherent scattering group (Dr. A. Menzel), combining the expertise for

imaging applications at cSAXS with the spectroscopic and chemical expertise of the PHOENIX team,

thereby generating powerful synergies. Within SLS 2.0, PHOENIX will be complementary to imaging

and scattering activities at cSAXS (> 5 keV), and SIM (< 2 keV), with PHOENIX covering the range

between 2 and 5 keV for scattering and coherent di↵raction imaging (CDI).

Optics. An important further step is to replace the existing focusing unit (KB1, see below,

Figure 11.4) by a new system with improved optical quality and a movable focal plane. This upgrade

secures the long-term beamline operation, reduces the focal size, and eases the operation of external

endstations.

State-of-the-art x-ray emission spectroscopy. The current options for emission spectroscopy

are based on a simple von Hamos spectrometer in the existing endstation. To keep the beamline
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competitive for x-ray spectroscopy, we want to replace the existing endstation, thus o↵ering a state-

of-the-art in-vacuum Johansson type emission spectrometer (5 to 7 crystals, ⇠ 2 � 5 keV, �E ⇠
0.4 � 0.5 eV), scattering (SAXS, CDI), pump-and probe studies and in-situ experiments. These

activities are complementary to the SuperXAS beamline, which covers higher photon energies (above

4.5 keV).

Time-resolved studies. With the advent of new 2-D detectors for the tender x-ray range [16],

both scattering and emission spectroscopy becomes possible in the time domain of seconds to mil-

liseconds. Here, a new air-bearing monochromator would be a game changer, as it would allow one to

record XAS spectra in the time domain of some 10 seconds, significantly faster compared to the cur-

rently available system. Furthermore, pump-probe experiments serving the milli- to picosecond time

domain, which are currently being developed within the LSF laboratory, will be integrated into the

general PHOENIX endstation environment for routine user operation. These experiments are com-

plementary to the LSF/SwissFEL beamlines ALVRA and ATHOS, which provide similar techniques

and energy ranges as PHOENIX, but with femtosecond time-resolution.

Scientific benefits. With these upgrades, the PHOENIX beamline will be one of the few places

where both electronic structure (XAS, XES) and morphological changes (SAXS, CDI) can be probed

with state-of-the-art techniques in a single in-situ experiment with tender x-rays. This multiscale

approach opens a new avenue for research in real systems, which are often governed by the interplay

of electronic processes (e.g. chemical reactions, electronic transitions) with morphological changes on

a nm to µm-scale (e.g. precipitation, phase transitions, transport, core-shell structures), as frequently

observed in (porous) catalysts, geological material, or new functional materials. Another highly rele-

vant example, involving chemical reaction and morphological changes are cyclic processes, as typical

for the charging of batteries, or in carbon capture technologies. The ability to study such processes

in situ on several scales will provide fundamentally new insights into these micro-chemical processes.

It is important that PHOENIX covers the full energy range from 0.3 to 8 keV, as only then are all

the relevant low-Z elements from O to Fe covered; this helps secure a stable scientific user community

for the beamline. Finally, it should be noted that by o↵ering x-ray emission spectroscopy, (coherent)

scattering, and capabilities for pump-probe studies, PHOENIX will be complementary to the planned

TENDER beamline at the ALS, the new bending-magnet TES beamline at the NSLS II, the LUCIA

beamline at Soleil, and the TXES endstation at the ESRF.

11.1.7 Layout of the current PHOENIX beamline

The PHOENIX and the X-Treme beamlines share a common undulator, front end and optics hutch.

Figure (11.2) shows the experimental hutches, the laboratory space and the layout of the two branch-

lines. Switching between the branchlines can easily be achieved by choosing a mirror which either

guides the light into the X-Treme or the PHOENIX I branchline. The PHOENIX I beamline uses

a double crystal monochromator (DCM) to cover the energy range of 0.8 to 8 keV, while X-Treme

o↵ers the range of 0.3 to 2 keV using a planar grating monochromator (PGM). At the exit of the

X-Treme beamline, the PHOENIX team operates an endstation (PHOENIX II) for complex in situ

experiments, which can easily be moved between the two PHOENIX branches. Both branches o↵er

either a microfocus of about 3 to 5 µm, or a large beam of 1 ⇥ 2 mm. The availability of the two
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Figure 11.2: Overview Image of PHOENIX/X-Treme beamlines with current optical elements and

endstations. M1: first spherical mirror, Fi: filter for high harmonic suppression, DCM: double crystal

monochromator, KB: KB system, ES1: main PHOENIX endstation (XAS, XES, microscopy, imaging),

CC: mobile ’chemistry chamber’ for in situ experiments, PGM: planar grating monochromator. The

technical drawing shows the beamline shifted sideways as required for SLS 2.0. Also, the deflection

of the beam, if an additional planar mirror (green arrow) is added to the X-Treme branchline and

is considered (See also Chapter 10 and Figure 10.2). The blue arrow indicates the two positions for

the chemistry chamber (CC). The red arrow indicates the relocation of the current monochromator

to create space if a 4-bounce monochromator is added at a later time (See Section 11.5.3)

branches with di↵erent monochromators is critical for the PHOENIX user community, as it allows one

to cover research on all low-Z elements, with the best possible monochromators in terms of flux and

energy resolution.

11.2 Source

Size X Size Y Divergence X Divergence Y

�x[µm] �y[µm] �0
x[µrad] �0

y[µrad]

SLS 120 8 54 3.2

SLS 2.0 23 4.9 6.8 2.1

Table 11.1: Electron beam parameters for SLS vs. SLS 2.0.

The PHOENIX beamline is located in a medium length Straight 7 and currently uses an elliptical

undulator UE54. The source parameters for SLS 2.0 and SLS are summarized in Table 11.1. The

electron source size is reduced from 121⇥ 8 µm to 23⇥ 5 µm (h⇥ v), e↵ectively decreasing the source

area by a factor of 8.5. The horizontal divergence is reduced by about a factor of 7, while in the

vertical direction, it is reduced by about 30%. Replacing the current undulator by a longer elliptical

undulator (e.g. UE44) would have many benefits for both PHOENIX and X-Treme (See Chapter 10)
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Figure 11.3: Comparison of insertion device characteristics for SLS vs. SLS 2.0. Blue: current

undulator (UE54) at SLS, red: envisioned undulator (UE36) at SLS 2.0. (a) total flux, (b) brilliance,

(c) coherent fraction horizontally (x), and vertically (y).

in terms for flux, brilliance and coherence (see Figure 11.3). One essential benefit [Figure 11.3(a)] of

the new device is an increase in total photon flux for energies from 0.5 to 8 keV by a factor of 3 to

10. For SLS 2.0, the brilliance increases by about two orders of magnitude compared to the current

situation. [Figure 11.3(b)]. The key benefit at SLS 2.0 will be the dramatic increase in horizontal

coherence [Figure 11.3(c)] from less than a percent to some 10% for energies below 3 keV and to more

than 5% for energies in the range 3 to 8 keV. This dramatically enhanced coherence in the tender

x-ray range presents a new avenue for coherent scattering and imaging techniques.

11.3 Front end

The front end is shared between PHOENIX and X-Treme. The source axis needs to be moved 67 mm

radially outwards. This shift can be accommodated within the current walls of all hutches. For the

activities concerning coherent scattering, a very important requirement is that the front end slits are

of high mechanical stability and positioning accuracy in the micrometer range. The blade quality

must be su�cient to shape the beam at energies below 8 keV, and the cooling needs to ensure spatial

stability of the blades over extended periods of time. Although the space in the front end is limited,

beam position monitors are needed to facilitate the beamline alignment, while the front end should

be optimized for maximum beam coherence.

11.4 Optics

11.4.1 Optical concept for PHOENIX I

Figure 11.4 depicts the current optical setup of the PHOENIX I branchline. The first spherical mirror

(M1) reflects the beam by 0.8� horizontally and creates an intermediate horizontal focus at the slit
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Figure 11.4: Optical layout of the PHOENIX I branchline.

SL1. The second optical element is a high-order suppressor with two planar mirrors, which can be

rotated between 0.4�1.7� to vary the cut-o↵ energy. The third element is the DCM, which covers the

energy range from 0.8 to 8 keV. Finally, a Kirkpatrick-Baez (KB) system with two bendable mirrors

generates the microfocus. All mirrors at the PHOENIX I branchline are silicon substrates with a

coating of 50 nm of nickel, as the Ni absorption edges (K-edges at 8333 eV, the weak L1-edge at

1008 eV, and a L2 edge at 870 eV) are outside of the range interest, i.e. below the Na K-edge and

above 8 keV.

11.4.2 Monochromator

Current system. Currently, a DCM (manufacturer Bruker/ACCEL) with fixed exit is used. A

goniometer holds the first, water cooled, crystal in its center, while the second crystal is positioned by

two perpendicular translation stages, which are also mounted on the goniometer. This construction

covers the large range of Bragg angles (14 to 75�) as required to access the full energy range from 0.8

to 8 keV using a set of four crystals (Si, InSb, KTP, and beryl).

Scanning operation modes and beam stability. The monochromator operates in step-scan mode;

it cannot use faster on-the-fly schemes. Its physical beam stability for a typical XAS scan is in the

order of some 5 to 50 µrad. With a programmed correction of roll and pitch the beam stability can be

reduced to the order of 1 to 2 µm at the sample. There is no online beam stabilization system due to

the inherent di�culties in measuring the beam position with acceptable loss of intensity in the tender

x-ray range.

Proposed monochromator upgrade. For SLS 2.0, we intend to replace this monochromator by a

commercially available airbearing-based system, which would provide beam stability of the order of
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Figure 11.5: Optical scenarios for the PHOENIX I branchline. (a) Current setup with two KB systems,

the first one serving the standard station ES1 and the second one serving user endstations or the

PHOENIX chemistry chamber for in situ experiments. (b-d) Future modes of operation using a single

KB system with a movable focal plane. (b) Focal plane in microscopy and XES chamber with best

possible focus. (c) Focal plane moved to external endstation (PHOENIX chemistry chamber or user

supplied chambers). (d) Focal plane set to 2D detector for SAXS measurements in first chamber. Not

shown: focal plane can be moved to a position where it serves as an intermediate focus for endstations

with di↵ractive optics for very high resolution imaging experiments. The envisioned minimal focal

length is about 30 to 45 cm, the maximum is about ca. 120 to 150 cm.

54 nrad [39] over a typical XANES scan. The beam stability of the current system is su�cient for

µ-XANES scans, if the beam size is larger than the stabilized beam movement, which thus limits µ-

XANES to spot sizes and most important to sample structures of the order of ⇠ 5µm. The significantly

improved beam stability of an air-bearing monochromator would greatly enhance the performance of

the beamline for microspectroscopy.

Moreover, this monochromator would also deliver a faster scanning speed, as it allows on-the-fly

scanning with speeds as fast as 20�/s, compared to the current value of ⇠ 0.5�/s, reducing current

scanning times from 5 to 10 min per XANES to some 10 s, providing a new avenue for time-resolved

measurements, as further discussed in Section 11.5.4. Hence, this upgrade would be a true game

changer, as it would enable XAS, XES and scattering techniques for the study of dynamic systems

with a time resolution of the order of seconds to minutes, all in the tender x-ray regime.

11.4.3 Focussing KB units

KB Systems at PHOENIX I branchline. The KB1 system for the endstation ES1 uses two
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pre-bent elliptical mirrors with additional motorized benders to fine-tune to the ideal elliptical shape

without the option to move the focal plane significantly downstream. The slope error of the current

KB mirrors limits the achievable spot size to 3 to 4µm, which could only be reduced to less than

1 ⇥ 1 µm2 if mirrors with a slope error below 0.3 µrad rms were used. Hence, with the current

KB mirrors, we could only take very limited advantage of the SLS 2.0 machine upgrade.

The PHOENIX I branchline also hosts a second KB system (KB2, spotsize ⇠ 6 µm), located

downstream of the main endstation, which was added to the existing beamline due to user requests

to provide a microfocus for external user endstations.

For SLS 2.0, we plan to simplify the setup and want to replace the first KB system with a system

with motorized benders, which allows adjustment of the focal length from ⇠ 30 to 45 cm to about 1.2 to

1.5 m. This would allow us to remove the second KB system, while keeping all existing functionalities.

This approach would have major advantages for the beamline performance:

1. Only with improved mirror quality of a new system would we fully benefit from the smaller

source size at SLS 2.0.

2. Due to the smaller slope error of currently available optics, the focal distance in the first chamber

could be relaxed from 30 to 45 cm without loss of performance.

3. The system would provide a microfocus in both the existing chamber and in any added user

station and the chemistry chamber (see Figure 11.2), while freeing space in the endstation

region, simplifying operation of the beamline and allowing one to mount flight tubes needed for

scattering and coherent-di↵raction experiments.

4. For SAXS experiments (see Section 11.5.2), the focal plane could be moved to the plane of the

detector, which would significantly enhance the quality of the scattering patterns compared to

patterns taken with an unfocussed beam.

5. An intermediate focus can be generated, which can be a source point for the high-resolution

ptychography station planned by Drs. J. Raabe and A. Kleibert (SIM beamline, see Chapter 9),

which would also be available for other external endstations such as the near-ambient-pressure

photoelectron spectroscopy endstation, (NAPP).

6. The manufacturer of the current system (KB1) has discontinued the product and no replacement

parts are available. This poses a significant risk to the beamline operation, and emphasizes the

urgent need to replace the existing optics with a new system.

11.4.4 Optics of PHOENIX II branchline

The PHOENIX II branchline operates an endstation dedicated to chemical in situ experiments at

the exit of the X-Treme beamline ( [40], see Chapter 10), which covers the soft x-ray energy range

(0.3�2 keV). The exit slit of the X-Treme beamline serves as the source point of a KB system, located

⇠ 12 m downstream of the entry slit. This system generates a focal size of about 5� 8 µm.
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Figure 11.6: Conceptual overview of techniques available in upgraded vacuum endstation.

11.5 Endstation

11.5.1 Current situation

PHOENIX o↵ers two permanent endstations, one located at PHOENIX I (ES1), and the other [the

chemistry chamber (CC), see Figure 11.2], which can be moved between the two branchlines. The

current main endstation o↵ers a microfocus (focal size ⇠ 2 to 3 µm). The routine detection modes

are total electron yield (TEY), transmission, total and partial fluorescence, and x-ray emission spec-

troscopy using a compact Hamos spectrometer (2.1 to 4.9 keV, energy resolution of about 0.4 eV).

While the main endstation focuses on microscopy and x-ray emission spectroscopy, the chemistry

chamber o↵ers flexible ‘dirty’ environments, including options for a liquid microjet, for pump-probe

experiments, and for user-supplied in situ experiments. The chemistry chamber can be easily moved

between the two PHOENIX branchlines, thus e↵ectively covering the full range from 0.3 to 8 keV for

in situ experiments.

11.5.2 New options for scattering at PHOENIX.

Coherent Scattering. The highest gain for the PHOENIX beamline at SLS 2.0 is the large increase

in coherent fraction (see Section 11.2). To maximally exploit the coherence, new options for both

(coherent) scattering and SAXS will be implemented. Essentially, a 2D detector (larger version of the

MOENCH 2D detector) will be located downstream of the sample to record the scattering pattern

(see Figure 11.6) with appropriate adaptations of the entry slits and pinholes. These activities will

o↵er several new options, including ptychography, holography, and SAXS.

SAXS using tender x-rays. Most setups for SAXS typically operate at higher energies (i.e. above
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8 keV) to detect the smallest possible structures. However, using SAXS in the tender x-ray range

o↵ers interesting new opportunities: Using the energies from 2 to 7.5 keV will cover the Q-range

from ⇠ 10�4 to 1 Å�1, which can characterize particles in the size class from 5 to a few hundred

100 nm, bridging the gap between light-scattering techniques and SAXS at higher energies. Most

importantly, exploiting the elemental absorption edges will introduce elemental sensitivity to low-Z

elements in scattering experiments (anomalous SAXS). The new endstation would provide flight tubes

with di↵erent lengths (up to 160 cm) equipped with a 2D MOENCH detector.

Figure 11.7: Implementation of an in-vacuum emission spectrometer at the PHOENIX beamline.

(a) Concept study of spectrometer in vacuum chamber with Rowland radius of 30 cm, front plate

shows existing sample microscope, crystals reflect fluorescence light on MOENCH 2D Detector, large

MOENCH detector at chamber exit collects scattering pattern for SAXS or CDI, not shown: load lock

for sample transfer into the endstation and a fluorescence silicon drift detector (SDD) (several single

Ketek SDD Detectors) for complementary total fluorescence XAS. (b) Required Bragg angles for the

spectrometer as function of energy and some of the important elements (triangles: K-edges, circles:

L-edges, dashed line indicates maximum Bragg angle, where Johann crystal could be used. For larger

Bragg angles, Johansson crystals are required).

11.5.3 Emission spectrometer

The proposed emission spectrometer (Johansson type, 5 to 8 crystals) for tender x-rays will operate

in a new experimental chamber as depicted in Figure 11.7(a). A set of three crystals [Si(111), Si(220),

Si(400)] used at Bragg angles from 35 to 85�, will cover the energy range from 2 to 6 keV. Because

cylindrical Johansson crystals image a point source (sample) onto a line, a 2D detector is required, as

has been demonstrated by Kavcic and co-workers [41] for which a MOENCH detector will be used (see

Section 11.5.6). Independent manipulators for both detector and crystal assembly (see Figure 11.7(a))
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allow flexible implementation of di↵erent spectrometer geometries in both scanning mode or energy-

dispersive modes. A selection of accessible elements are shown in Figure 11.7(b). For a Rowland

radius of 0.3 m, the estimated energy resolution is of the order of 0.3 to 0.5 eV, taking into account

the bandwidth of the incoming photons (⇠ 0.3 eV) and contributions from crystal bending (0.2 to

0.4 eV) [42,43]. The size of the spectrometer is dimensioned for higher energy resolution, which could

be implemented once better-quality crystals, (e.g. segmented Johansson crystals) become available. As

the bandwidth of the incoming photons is a limiting factor, the location of the current monochromator

will be moved upstream to provide space to add at a later time a 4-bounce monochromator to reduce

the energy bandwidth of the photon source (See Figure 11.2).

11.5.4 Time-resolved experiments in the milli- to picosecond domain.

For the PHOENIX beamline, implementation of new techniques for time-resolved studies at di↵erent

timescales is a core aim. Using the time resolution of the new 2-D detectors (MOENCH, frame rate

1 kHz), will allow time-resolved studies using SAXS and XES in the second and sub-second domains.

Coupled with new on-the-fly modes of an upgraded monochromator, XAS measurements in the tender

x-ray domain can also be pushed into time domains of some seconds. Furthermore, employing laser

driven pump-probe schemes, XAS and XES signals can be recorded in the milli- to picosecond domain,

using concepts which were already tested at the PHOENIX beamline [22]. These activities, which also

include in-house developed detector solutions, will be supported within the LSF laboratory as an

element of the general LSF strategy.

11.5.5 Sample environments and delivery

Various sample environments are currently provided and will be further enhanced and extended.

Firstly, all experiments can be performed either in vacuum or in a helium environment. Both end-

stations will routinely provide cooling to liquid nitrogen temperature (to reduce radiation damage),

and resistive heating to at least ⇠ 500�C for any standard solid sample (pellets, powders, etc.). The

beamline will also o↵er various in situ cells for studies in liquid environments, including di↵erent

microfluidics cells, manufactured in house. They will be made from polymer and silicon and can be

tailored to the user’s needs, for example by integration of sensors for pH, temperature, or electrical

connections. Figure 11.8 illustrates a selection of typical cells. We will also o↵er optical Raman

spectroscopy as an optional complementary technique in the main endstation. Finally, as routine

instrumentation for windowless studies of solutions, a liquid microjet (ca. 30 to 100 µm diameter) is

available. The jet will also be used in a pump-probe setup taking advantage of the 70 ps bunch length

at SLS 2.0, which is operated within the LSF laboratory in scientific collaboration with the users. Fur-

thermore, we will continue to develop new dedicated sample-delivery systems in close collaboration

with users.

11.5.6 Detectors

The beamline uses SDDs for energy dispersive photon detection. Currently, a four-element detector

(Hitachi) and a one-element detector (Ketek) are available, both equipped with thin Moxtec windows



11.5. ENDSTATION 161

Figure 11.8: Sample environments available for work in liquid environments at the PHOENIX beam-

line: (a) microfluidics device for mixing of two liquids in laminar flow; (b) liquid microjet sized 30 to

100 µm; (c) environmental cell to study materials under controlled gas phase; (d) liquid flow through

cell, where the sample is only in contact with PEEK and Teflon; (e) titration cell, allows titration of

a solution, bubbling gas through solution while stirring and measurement of solution pH. The cells

in Figures (a, c-e) are designed for measurements in fluorescence mode and in a vacuum chamber

(10�5 mbar).

for operation at tender x-rays. These detectors, located on a long re-entrant nose, have ultra-high rate

readout electronics outside of the vacuum chamber. We plan to replace these detector types by newer,

smaller SDD detectors, which can operate in vacuum, providing more flexibility to optimize the solid

angle. Furthermore, a diode located downstream of the sample detects the transmitted light, and the

total current to the sample provides the TEY signal.

For scattering experiments and the emission spectrometer, the MOENCH detector [16], will be

used. This hybrid detector is based on charge-integration readout and works well in the tender x-ray

range. It is a unique PSI in-house development, and an invaluable asset for the beamline, as it is

one of the first detectors worldwide to cover this energy range. Currently tested to energies as low as

800 eV, the detector will be further developed and optimized for future use at SwissFEL, and tuned

towards low energies. We will have access to prototypes of this detector, meaning that PHOENIX

will be at the forefront of these developments. The currently available MOENCH detector provides

single photon counting on an active area of 1⇥ 1 cm, 800⇥ 800 interpolated pixels of 12.5 µm, 1 kHz

frame rate. With expected developments for SwissFEL, larger modules will become available, and we

plan to enlarge the detector surface area by using up to six modules of the larger 3⇥6 cm2 MOENCH

detector.

11.5.7 Controls and data systems

The control system will be based on EPICS, as implemented at the SLS. The main tool for scanning

will be the PSI developed fda and pshell software, and also python-based scripting.
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Figure 11.9: Di↵erent packages for the beamline upgrade in relation to the beamline elements. Dif-

ferent colors represent di↵erent work packages. Grey: unchanged elements, light green: package

‘maintain and coherence’, green: replaced monochomator, red: added Johansson emission spectrome-

ter. Upgrade of KB system (KB) and new endstation (XES) are not completely independent, as both

elements are located on the same granite block, and use interconnected vacuum chambers. M1: first

mirror, SL1: slit at intermediate focus, Fi: filter for high harmonics suppression, SLS: entry slit for

KB system, CC: existing mobile chemistry chamber, which is also operated at PHOENIX II, PTY:

potential mobile high resolution ptychography endstation

Currently, all motorized motions are made in a step-scanning mode. For XRF mapping using

micro-beam, continuous scanning (on-the-fly) will be implemented. Secondly, the motion control for

the envisioned emission spectrometer requires complex concerted motions of several motors. Finally,

a new monochromator will run in an on-the-fly scheme, which requires one to couple the movement

of the insertion device and monochromator in real-time.

11.6 IT requirements

The addition of the MOENCH 2D pixel detectors will require significant IT resources in terms of both,

on-the-fly data processing and data storage. A large MOENCH detector with several modules and

high repetition read-out will require a dedicated server and a large storage capacity of the order of

several 100 TB for detector operation and on-the-fly reconstruction of images (i.e. for ptychography

experiments).

11.7 Timeline

11.7.1 Work packages

The upgrade for the PHOENIX beamline consists of several almost independent packages, as illustrated

in Figure 11.9.

Work package ‘Maintain and coherence’

The work package, ‘Maintain and coherence’ will implement the beamline with its current functionality

at SLS 2.0 and uses the SLS shutdown 2023/2024 to prepare for future upgrades by performing all

required civil-engineering changes, which would be di�cult once the beamline is back to user operation.

This includes relocating the beamline to its new position, and the required refurbishments of the lead
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hutches and the local infrastructure. Any upgrade to enhance the imaging capabilities and to enable

scattering experiments requires excellent stability of all slits and the endstation. Therefore, all slits

will be mounted on granite blocks. Also, the entire endstation will be placed on a granite block,

which can be positioned by a girder. Finally, slight repositioning of the monochromator (Figure 11.2)

will generate space for an additional four-bounce monochromator, which would generate a narrower

bandwidth of the incoming photons to extend the limits of emission spectroscopy, as required, for

example, for applications in solid-state physics. This package also anticipates measures for additional

radiation protection, which might become necessary if the new undulator provides a significantly higher

fraction of high-energy photons compared to the current one. Implementing this package will enable

us to take advantage of the enhanced coherence of SLS 2.0, and to implement ptychography, CDI and

SAXS at PHOENIX. For these activities, a larger MOENCH detector is required. The timeline is

summarized in Figure 11.10.

Work package ‘Mirror recoating’

The current mirrors consist of nickel-coated silicon substrates. During the last years, traces of sil-

icon have di↵used into the coating layer, leaving a silicon signature in the flux curve, hampering

spectroscopy of dilute samples at the Si-edge. To resolve this issue, the existing mirrors need to be

recoated with an additional interlayer of B4C [44].

Work package ‘KB System’ (KB)

As detailed in Section 11.4.3, replacement of the existing KB system by a system with an adjustable

focal plane is highly critical to secure the beamline operation (discontinuation of the current

system by the manufacturer). It also provides major advantages in terms of focal size, beamline

operation for SAXS, and additional flexibility to host further endstations (e.g. NAPP). This work

package includes the design of a new vacuum chamber for the KB system, which needs to be adapted

to the endstation vacuum chamber.

Work package ‘Endstation’ (XES)

This work package will implement a new in vacuum Johansson type emission spectrometer, including

a new endstation, as described in Section 11.5. We plan to finance the new endstation by an SNF

R’Equip proposal. The design and manufacturing will take about two years, as outlined in Figure 11.10.

We aim to begin pilot experiments directly after the SLS ’dark period’. Although the work packages

‘KB System’ and ‘Emission Spectroscopy’ can be implemented independently, the implementation

of both packages is interconnected because the vacuum chambers for the two packages

depend on each other.

Work package ‘Monochromator’

This work package will involve the replacement of the current monochromator by a new air bearing

system to allow for improved beam stability and on-the-fly operation. It can be added to the beamline

at any time.
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Figure 11.10: Time line for di↵erent work packages: (a) for base package ‘maintain and coherence’,

(b) for new endstation ‘XES’, (c) for new KB system, (d) for a new monochromator.

11.7.2 Planning

The implementation of the beamline for SLS 2.0 will follow the timeline shown in Figure 11.10. Row

(a) shows the timeline of the basic work package ‘maintain and coherence’, which has two aims: First,

it returns the beamline to user operation directly after the dark period and secondly, it takes all

preparatory action needed for the envisioned future upgrades. Rows (b,c,d) show the timelines for the

additional work packages, ‘XES’, ‘KB’ and ‘monochromator’.

To adapt the beamline to SLS 2.0, the beamline needs to move by 67 mm radially outwards. This

requires a dismounting of the beamline in order to move all concrete blocks and stands sideways.

Once the dark period has started, the beamline will likely be moved in a stepwise approach. Current

planning assumes that the radial shift by 67 mm does not imply major rebuilding of the existing

infrastructure (cables, cooling water). The main remounting should be finished by the middle of 2024,

leaving about six months to commission all motion-control issues.
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11.8 Concluding remarks

SLS 2.0 will open new scientific and technical opportunities for PHOENIX. The dramatically en-

hanced coherent fraction in the tender x-ray regime will enable new options for coherent scattering

experiments in particular for nanometer-scale samples and structures. The strong increase in flux

will allow to develop new and unique capabilities for x-ray emission spectroscopy. Both aspects will

make PHOENIX a unique and world-wide leading beamline for the investigation of electronic struc-

ture and morphological changes of chemical systems or environmental samples in situ and in a single

experiment.

The PHOENIX beamline can be returned to operation without changes of the optical setup. The

work package ‘maintain and coherence’ includes all civil engineering, including the engineering required

for future upgrades. It would allow us to continue the existing spectroscopy program and start a e↵orts

on coherent di↵raction imaging. A fundamental benefit to the beamline and scientific program would

come from the upgrade package ‘KB-system’ which is highly critical for PHOENIX for two reasons:

(1) Only the upgraded mirror quality will allow us to take full advantage of the improved performance

of SLS 2.0, including the additional endstation capabilities and flexibility. (2) The current system is

discontinued by the manufacturer introducing a large risk for the endstation operations. The package

‘endstation (XES)’ will implement a new endstation with unique capabilities for emission spectroscopy,

scattering, and imaging in the tender x-ray range, making PHOENIX competitive for many years to

come.
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Chapter 12

Soft-x-ray ARPES beamline – electronic
structure of complex materials,
heterostructures, and devices

Vladimir N. Strocov, Thorsten Schmitt, Leonard Nue, and Xiaoqiang
Wang

In a nutshell

Angle-resolved photoelectron spectroscopy (ARPES) informs momentum-resolved electronic

structure of solid-state systems, which is the most fundamental property determining a whole

host of their optical, transport, and other properties. Soft-x-ray ARPES (SX-ARPES), op-

erating in a photon-energy range around 1 keV, benefits from enhanced probing depths and

chemical specificity achieved with resonant photoemission. This extends its spectroscopic

potential from the conventional crystalline systems to buried heterostructures and impu-

rity systems, which are at the heart of electronic and spintronic devices. The upgrade of

the present SX-ARPES facility at SLS 2.0 will improve its detection e�ciency and energy

resolution by a factor of 2 and 5, respectively, extending experimental capabilities to new

unexplored fields such as electron-boson interactions, in-situ field e↵ects in functional het-

erostructures, etc. Furthermore, provisions for sub-micron focusing will open spectroscopic

studies on microstructured materials and devices; moreover, a revolutionary multichannel

spin analyzer ‘iMott’ will allow previously unthinkable access to spin textures of buried sys-

tems. The SX-SARPES facility at SLS 2.0 will be at the frontier of experimental physics

in a multitude of hot fields, including topological matter, buried semiconductor- and oxide-

heterostructures, magnetic doping of semiconductors and topological insulators, and many

other systems that pave the way towards novel quantum materials and devices.

–173–
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12.1 Overview

Crucial virtues of soft-x-ray ARPES (SX-ARPES), operating in the photon energy (h⌫) range of a

few hundreds of eV include its probing depth increasing by a factor of three to five compared to

conventional ARPES in the VUV energy range, and elemental and chemical-state specificity achieved

with resonant photoemission at the L-edges of the transition and M-edges of the rare-earth metals.

These advantages extend the unique momentum-resolving capabilities of ARPES from conventional

crystalline solid-state systems to buried heterostructures and impurity systems, which are at the

heart of modern quantum electronics. The spectroscopic potential of SX-ARPES can be illustrated

by a plethora of pioneering scientific results, including quantum-well states in buried high-electron-

mobility transistor heterostructures, the polaronic nature of charge carriers in oxide heterostructures,

magnetic impurities in semiconductors and topological materials, and many more besides (see recent

reviews [1, 2]).

The main challenge of SX-ARPES is the valence-band photoexcitation cross-section, which typically

drops by a few orders of magnitude compared to the UV energy range. A breakthrough in the practical

application of this technique has been demonstrated at the ADRESS beamline of the SLS, where a

combination of high photon flux [3] with the pioneering grazing-incidence endstation geometry [4] has

not only overcome the cross-section problem, but also allowed one to extend SX-ARPES to the most

photon-hungry cases of buried heterostructures and impurities. At present, the SX-ARPES beamtime

is shared in roughly equal measure between the investigation of the electronic structure of 3D materials

(including topological systems, see [5]), buried heterostructures (including semiconductor [6], oxide

systems [7]), impurity systems (mostly magnetic impurities in semiconductors [8]), and topological

insulators [9]. The overall scientific output of the SX-ARPES facility, achieved within approximately

50% of the total beamtime at the ADRESS beamline, has reached now about 20 papers/year, whereby

40% of these are high-rank publications.

Since coming online in 2011, the SX-ARPES facility at SLS still remains worldwide the most ad-

vanced facility of this kind in terms of photon flux, energy resolution and data-acquisition e�ciency, It

is widely recognized in the international community as a reference SX-ARPES facility. The instrumen-

tal advance and user demand of the ADRESS beamline can be characterized by its massive overbooking

factor of 4 to 5. To stay at the frontiers of SX-ARPES science for years to come, we propose here

upgrades of the present facility to utilize the low emittance of the SLS 2.0 ring and exploit the recent

availability of beamline optics elements with ultralow slope errors. These upgrades should result in

a dramatic improvement of the energy resolution and detection e�ciency of the SX-ARPES facility

as well as allowing the incorporation of sub-micron focusing, crucial for device spectroscopy. The

upgrades will also invite totally unexplored scientific domains such as, for example, order parameters

and electron-boson interactions in quantum devices tuned through the in-situ field e↵ect.

12.1.1 Uniqueness compared to other present and planned beamlines worldwide

SX-ARPES has been pioneered by S. Suga and A. Sekiyama at the beamline BL25SU of SPRing-8

already in 2004. It was however not before the advent of the ADRESS beamline of SLS with its ex-

tremely high photon flux that the notorious photoexcitation cross-section problem would be overcome
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and, moreover, SX-ARPES expanded to the buried heterostructure and impurity systems for devices.

Since then, several new dedicated SX-ARPES beamlines (DIAMOND, PETRA-III, BESSY) and those

where SX-ARPES is optional (SOLEIL, ALBA, SSRF, NSLS-II, TPS) have been constructed. How-

ever, the SX-ARPES facility at the SLS still remains the worldwide best regarding the combination of

the photon flux, detection e�ciency, and energy resolution. In a perspective of a year, this advantage

will yet increase with an installation of gratings with ultralow slope errors, pushing the beamline

resolving power to 50K. However, other facilities are chasing us with sub-micron focusing (BLSU25

at SPRing-8, ESM at NSLS-II), k-microscope (ESM at NSLS-II and P04 at PETRA-III) and multi-

channel spin-resolving spectrometers (P04 at PETRA-III). Based on the advantages of SLS 2.0, the

proposed upgrade of the SX-ARPES facility at the SLS (sub-micron focusing, multichannel spin de-

tector, etc.) will allow us to catch up with and even outperform these new instrumental developments.

12.1.2 Impact of the new ring brilliance

The main advantage of the boosted brilliance of the SLS 2.0 di↵raction-limited source for spectroscopic

experiments is a dramatic reduction of its horizontal emittance, whereby both horizontal spot size and

beam divergence reduce by a factor of about 6. As we explain below, first of all, the much smaller

horizontal source size proportionally reduces the horizontal spot size on the sample. In addition, the

smaller horizontal divergence allows the design of the refocusing optics with larger demagnification.

When combined, these two e↵ects can reduce the horizontal spot size on the sample by a factor

of more than 10 compared to the existing ring, allowing experiments on micro-structured samples.

Finally, the rounder beam divergence will facilitate even illumination of the round aperture of the

capillary and zone-plate sub-micron focusing optics to increase its transmission. These improvements

coming with the SLS 2.0 source will be pushing the SX-ARPES experiment to new classes of micro-

and nanostructured materials and devices such as cleaved crystals with domains, heterostructures of

layered materials, nanowires and nanowhiskers, microelectronics devices, and many more.

12.1.3 Complementarity to other PSI BLs

All materials properties like electrical transport, ferroelectricity, magnetism, colossal magnetoresis-

tance, superconductivity, etc. boil down essentially to a combination of the single-particle spectrum

(quasi-particles) and two-particle response function (collective excitations). The main momentum-

resolved spectroscopies probing these two aspects of the electron-boson interacting system in solids

are ARPES and RIXS, respectively. Thus the SX-ARPES facility at SLS 2.0 will ideally complement

RIXS. On the other hand, the ability of SX-ARPES to access 3D materials and buried heterostruc-

tures with energy resolution of a few tens of meV will ideally match the ability of VUV-ARPES at

the QUEST beamline of SLS 2.0, accessing only surface properties but with a better resolution of few

meV. These two complementary modes of ARPES experiment can serve for multimodal investigations

of the electronic structure of quantum materials and devices. Furthermore, SX-ARPES and partic-

ularly its spin-resolved version employing the iMott multichannel spin detector will counterpart the

XMCD studies at XTREME beamline. The new SX-ARPES instrument will thus naturally comple-

ment all spectroscopic facilities of SLS 2.0 and, when fitted with sub-micron probing capabilities, will

also naturally complement the imaging and x-ray di↵raction beamlines of SLS 2.0.



176 SX-ARPES – COMPLEX MATERIALS, HETEROSTRUCTURES, AND DEVICES

12.1.4 Industrial potential

The advantages of SX-ARPES, including enhanced probing depth and resonance photoexcitation,

make this spectroscopic technique particularly suitable for the heterostructure and impurity materials

which are at the heart of modern electronics, spintronics and quantum technologies. The SX-ARPES

experiments yield the fundamental electronic structure characteristics of these materials such as the

interfacial band o↵sets, the shape of the interfacial quantum well embedding the quantized electron

states, electronic band dispersions, e↵ective mass, Fermi surface, electron-boson interaction, electron-

impurity scattering, etc., which are of utmost importance for the design of novel quantum devices [2].

Presently, the SX-ARPES facility at the ADRESS beamline is involved in a large-scale project with

industry to design materials for quantum computers. Such materials include, in particular, A3B5 semi-

conductors with strong spin-orbit interaction (InAs, InSb) which are interfaced with superconductors

(Al, Pb). Such heterostructures are conceived as a prototype of one-dimensional systems which can

host zero-energy excitations (so-called Majorana fermions) to be used in topologically protected qubits

of quantum computers. Other active fields of research include nitride-semiconductor heterostructures,

constituting the barebone of the 5G telecom [6], semiconductor interfaces with ferromagnetic materials

(EuO, EuS) [10], magnetic impurities in topological materials for spintronics [9], etc. The SX-ARPES

facility is equipped with provisions for spectroscopically controlled in-situ deposition of thin films,

field-e↵ect studies, o↵-line control of the sample preparation with AES, etc. which are important

ingredients of the industrial research.

12.2 Optics

The ADRESS beamline is presently shared by two advanced spectroscopic techniques, SX-ARPES

and RIXS. The beamline is heavily overbooked (up to a factor of ⇠ 4.5). Furthermore, a significant

beamtime fraction is distributed to industrial research (up to 45 shifts/semester). Budget permitting,

we propose to split the ADRESS beamline in two separate SX-ARPES and RIXS beamlines that

will allow full realization of the scientific and industrial potential of SLS 2.0. The two ADRESS2.0

beamlines will be essentially identical, as described below, and the only di↵erence between them will

be somewhat di↵erent refocusing distances. This will much simplify their design and commissioning,

and minimize the total cost. The beamlines (hereon in referred to as ADRESS2.0) will go through a

major optics upgrade, in which the present collimated-light plane-grating monochromator (CL-PGM)

optical scheme [3, 11] will be replaced by a variable-line-spacing plane grating monochromator (VLS-

PGM) [12] discussed below. Two upgrade plans of the ADRESS2.0 are considered, a medium-upgrade

beamline having a total length of 38 m (floorspace of the present ADRESS beamline) and an ultimate-

upgrade, having a length of 98 m (requiring an extension of the SLS hall) to achieve the best energy

resolution/flux parameters. More space available at each beamline in the ultimate-upgrade plan will

allow higher demagnification of the source and thus higher energy resolving power E/�E; higher

demagnification at the refocusing stage will further squeeze the spot size on the sample. Furthermore,

a second endstation can in future be installed in the available space. Within the context of the medium-

upgrade scenario, the SX-ARPES beamline may be installed in the long straight section X05LA shared

with the x-ray interference lithography (XIL) beamline.
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Figure 12.1: VLS-PGM optical scheme of the ADRESS2.0 beamline for the medium and ultimate-

upgrade programs.

12.2.1 Source

A minimal heat load originating from the undulator is a prerequisite for high energy resolution, which

is otherwise impeded by inevitable vibrations associated with turbulent flow of cooling water. This can

be achieved with the APPLE-Knot undulator scheme, whereby a certain magnetic-field configuration

shapes electron trajectories in such a way that the higher-harmonic radiation stays outside the central

cone. Preliminary calculations show that this undulator can cover the photon-energy range from

400 to 1600 eV. Because of extremely high photon-flux requirements of the SX-ARPES experiment,

the beamline should use undulators with maximal length, optimally two standard 2-m sections. The

envisaged installation in the section X05LA should allow such an undulator length. Details of the

beamline source and front end are described in more detail in Chapter 2.

12.2.2 General principles of high-resolution VLS-PGMs

The VLS-PGM optical scheme of the ADRESS2.0 monochromator for the medium- and ultimate-

upgrade plans is presented in Figure 12.1. The use of only the sagitally plane optics ensures minimal

slope errors resulting in the highest E/�E. The horizontally focussing plane-cylinder interceptor

mirror produces a stigmatic focus at the exit slit. The beamline dispersion length is increased by

⇠5 m compared to the present ADRESS beamline to allow operation of the VLS gratings in a wide

energy range without significant aberrations. The absence of the focussing mirror, necessary in the

CL-PGM scheme, simplifies the optics alignment, and marginally increases the beamline transmission

and resolution.

The main factor which has so far limited energy resolution of the PGMs has been the root-mean-
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Figure 12.2: Total E/�E (a) and the grating reflectivity T (b) in the photon-energy range from 500

to 1300 eV for the medium-upgrade VLS-PGM with �s = 0.1 µrad. A doubling of Cff from flux-Cff

to res-Cff nearly doubles the total E/�E but results in a beamline transmission loss of ⇠ 30 %.

square (rms) slope errors �s of the plane gratings. However, recent developments in the manufacturing

of the optical elements (most remarkably at JTEC) have allowed a reduction of �s by a factor of up

to ten towards 0.05 to 0.1 µrad for both plane and curved optics, with a proportional increase of

the corresponding E/�E contributions. With this obstacle removed, the next limiting factor is the

vertical size of the synchrotron beam.

One way to reduce the source contribution is to increase the operational Cff -value, thereby propor-

tionally demagnifying the source. Figure 12.2(a) shows the total E/�E as a function of Cff calculated

for three gratings. Doubling of the Cff relative to its flux-value increases E/�E by a factor of ⇠2.

The associated reduction of the grating reflectivity (⇠30% with the grating profile parameters follow-

ing the Cff variation) can be considered a fair compromise for the achieved E/�E increase. The

alternative (noncompromised) way to achieve this resolution improvement without intensity loss is,

however, the doubling of the grating distance from the source, incorporated into the ultimate-upgrade

plan described below.

12.2.3 Monochromator optics

In order to improve E/�E and the photon flux on the sample compared to the present ADRESS

beamline, the optics of the ADRESS2.0 will undergo the following upgrades:

Interceptor mirror

Thanks to a much reduced heat load from the APPLE-Knot undulator, water cooling and thus as-

sociated vibrations of the intercepting mirror can be much reduced. Furthermore, small SLS 2.0’s
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horizontal divergence will allow a more aggressive grazing incident angle of about 0.7�, spreading the

heat load along the mirror surface and increasing the beamline transmission by ⇠20%. The mirror

will be installed in a high-precision hexapod mechanics from FMB-Oxford, which has demonstrated

its excellent performance at the present ADRESS beamline.

Monochromator mechanics

The present monochromator from JENOPTIC has major mechanical-design drawbacks, making its

setability, stability and reproducibility insu�cient for a modern high-resolution beamline. It will be

replaced by a monochromator from BESTEC, which not only solves the above problems, but also

o↵ers higher immunity of the angular settings of the optical elements to any cooling-water turbulence.

Furthermore, it will accept grating lengths extended from the present 100 mm to 150 mm, allow-

ing operation at high Cff values necessary for e↵ective demagnification of the source (see below).

For the SX-ARPES beamline, this monochromator has already been funded through the R’Equip

project cofunded by the Swiss National Science Foundation and PSI, and is presently in production

at BESTEC.

Premirror

The above E/�E improvement will mean that the slope error of the monochromator’s premirror

must be accordingly matched. We propose to replace it by a new one from JTEC with �s ⇠ 0.1 µrad.

The main intensity loss in the beamline is presently due to the premirror working at a less grazing

x-ray incidence angle. We propose to increase its width to ⇠100 mm and deposit stripes of multilayer

coating optimized for a sequence of important edges from 460 eV (Ti L-edge) to 1270 eV (La M -edge)

which will be selected by transversal translation of the premirror. This simple measure will increase

the beamline transmission up to a factor of ⇠5 at these energies.

Gratings

The main factor limiting E/�E at the present ADRESS beamline is the gratings’ �s ⇠ 0.3 µrad. We

propose to fit the monochromator with new gratings on substrates by JTEC with �s ⇠ 0.1 µrad. Three

gratings will be ruled with a groove density of 800, 1600 and 3200 grooves/mm. According to the

data in Table 12.1, their operational Cff values will be chosen as the high-flux value 2, intermediate

value 4, and high-resolution value 8, respectively. The two first gratings will be blazed to increase

their reflectivity by ⇠70% and 50%, respectively, compared to a laminar profile. Larger high-order

contamination of the monochromatic x-ray beam from these gratings will be much reduced thanks to

the use of the APPLE-Knot undulator and to relatively high photon energies.

Groove densities, Cff values, and corresponding E/�E values at h⌫ = 1 keV for the two upgrade

plans and various �s-values of the optical elements are presented in Table 12.1. The ultimate resolving

power achieved with a realistic �s ⇠ 0.1 µrad is ⇠130 000 for both the medium and ultimate-upgrade

options. Thanks to small state-of-art �s values and optimization of the beamline parameters, this value

supersedes that of the present ADRESS beamline by a factor of about 4. Also given in Table 12.1

are the E/�E values for the ideal case of �s = 0, and for �s ⇠ 0.15 µrad as the most conservative
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case for the medium upgrade plan and �s ⇠ 0.05 µrad as the most optimistic case for the ultimate-

upgrade plan. The corresponding energy dependence of E/�E is shown in Figure 12.3. The maximal

E/�E = 200 000 delivered by the SX-ARPES endstation (see below) would require ADRESS2.0 to

adopt the ultimate-upgrade plan, where the maximal E/�E is achieved without compromising the

photon flux.

BL length Grating, Cff Slope error �s [µrad]

[m] 0 0.05 0.1 0.15

800/mm, 2.2 E/�E = 320000 260800 220900

H⇥V = 3.6⇥ 0.7 µm2 3.7⇥ 0.8 3.8⇥ 1.0

38 1600/mm, 4 890500 650500 520100

(medium) 3.6⇥ 0.4 3.7⇥ 0.5 3.8⇥ 0.7

3200/mm, 8 2590200 1370900 1000100

3.6⇥ 0.2 3.7⇥ 0.4 3.8⇥ 0.5

800/mm, 2.2 900200 660400 430100

2.6⇥ 0.6 2.8⇥ 0.9 3.2⇥ 1.3

98 1600/mm, 2.8 1700200 1170700 730500

(ultimate) 2.6⇥ 0.5 2.8⇥ 0.7 3.2⇥ 1.1

3200/mm, 4 3560500 2160300 1270100

2.6⇥ 0.3 2.8⇥ 0.6 3.2⇥ 1.0

Table 12.1: E/�E (zero-slit limit) at h⌫ = 1 keV for di↵erent upgrade programs, gratings and �s of

the optical element. The two programs should be compared for the same �s ⇠ 0.1 µrad.

12.2.4 Refocusing optics

The grazing-incidence geometry of the SX-ARPES experiment (see below) requires tight vertical fo-

cusing of the photon beam in order to restrict its footprint on the sample surface. Due to a limited

length of SX-ARPES’ refocusing stage and aberrations introduced by the toroidal mirror, the beam

cross-section cannot presently be reduced below 75 ⇥ 10 µm2 (H ⇥ V). In early 2021, the toroidal

mirror will be replaced by an ellipsoid with ultralow �s ⇠ 5.0 µrad in the sagittal direction and 1.0

in the meridional direction, produced by JTEC (funded through the R’Equip project co-funded by

SNF and PSI). This upgrade will squeeze the beam cross-section to ⇠ 60 ⇥ 5 µm2 (H ⇥ V), allow-

ing a twofold reduction of the grazing angle with a proportional increase of the photoelectron yield.

The ellipsoidal surface of the refocusing mirror will be complemented by a plane surface, exchange-

able by a vertical mirror translation, which will deliver light to the microfocusing optics. Within the

medium-upgrade plan, this refocusing stage will be directly transferred to SLS 2.0, where the reduced

horizontal emittance will squeeze the focused beam cross-section to ⇠ 12⇥ 5 µm2 (H ⇥ V).
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Figure 12.3: E/�E (zero-slit limit) as a function of h⌫ for di↵erent upgrade programs, gratings and

�s values from Figure 12.1.

Sub-micron focusing

Reduction of the focused beam size to below 1 µm (sub-micron focusing) will dramatically expand

the spectroscopic vista to samples with small domains and even polycrystalline samples. Ideally, such

a small spot size could be achieved by a KB-pair of plane-elliptical mirrors. However, this solution

requires a large refocusing distance of >20 m, which is available only within the ultimate-upgrade

plan. Within the confines of the medium upgrade, our options are either capillary optics or zone

plates, which can be accommodated in a refocusing stage of few metres. Our preliminary study shows

that the capillary optics, having recently demonstrated a spatial resolution of 250 nm [13], has a

number of advantages over zone plates: (1) achromaticity, particularly important for the SX-ARPES

experiment where h⌫ is always highly dynamic; the necessity to translate zone plates as a function

of photon energy practically excludes that the focal point stays at the same point on the sample; (2)

high transmission of 30 to 40%, which is at least 2 orders of magnitude larger than that of the zone

plates; and (3) the absence of an overwhelming stray intensity beyond the central peak. An advantage

of the capillary optics over KBs, apart from the smaller refocusing distance, is the annular shape of

the defocused spot (Figure 12.4), allowing a convenient trade-o↵ between the focal size and photon

damage. The sub-micron focusing optics can be implemented on a miniature hexapod installed in an

oversized light-in flange of the SX-ARPES analysis chamber. The capillary optics can be produced

by SIGRAY Inc. who have already demonstrated a focused spot size of 250 nm. We stress that

a number of facilities worldwide (ALS, HiSOR, ASTRID, PETRA-III, SOLEIL, etc) are currently

using or constructing capillary-based microfocusing beamlines. The SLS should urgently adopt this

trend, extending the spectroscopic potential of ARPES to real devices with lateral structure on the

sub-micron scale.

The main idea of the ultimate-upgrade plan is the extension of the beamline length to 98 m (Fig-
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Figure 12.4: The spot profile produced by a capillary optics under defocusing (courtesy B. Stripe,

SIGRAY Inc).

ure 12.1). The increase of the available refocusing distance will allow (1) the replacement of the

capillaries with their practical transmission of about 30% by elliptic-hyperbolic imaging optics with

its twice larger transmission and focused spot size down to 0.1 µm, and (2) larger working distance

between the refocusing optics and the sample. The latter will allow the realization of more sophisti-

cated sample environments such as high magnetic fields for RIXS experiments, di↵erential pumping

for gas exposure in operando conditions and sample re-magnetization for SX-ARPES experiments.

12.3 Endstation

12.3.1 General principles

A key factor to increase the ARPES signal in the soft-x-ray energy range, dictated by an interplay

of the large x-ray penetration depth with much smaller photoelectron escape depth, is the grazing-

incidence experimental geometry [14]. When going towards more grazing angle ↵, the photon yield

gradually scales up proportional to sin↵�1 and then blows up near the critical angle ↵c at which the

electromagnetic field concentrates in the near-surface region (for a detailed discussion see Ref. [14].

The grazing x-ray incidence dictates the experimental geometry sketched in Figure 12.5(a). The

sample is rotated to the grazing incidence around the horizontal axis: In this case, the x-ray footprint

on the sample blows up in the vertical plane where the synchrotron beam has much smaller size than

in the horizontal. The analyzer is rotatable around the lens axis, and normally works with the slit

oriented within the measurement plane (MP) which enables symmetry analysis of the valence states by

switching the x-ray polarization between horizontal and vertical (s- and p-polarizations, respectively).
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Figure 12.5: SX-ARPES endstation: (a) Experimental geometry featuring grazing x-ray incidence and

vertical measurement plane (MP); (b) Technical layout. The endstation includes an analysis chamber

(AC) with the photoelectron analyzer, transfer chamber (TC) to distribute samples between other

chambers and cleave them at low temperatures, preparation chamber (PC) providing ion bombard-

ment, annealing, and deposition of thin films, and load lock (LL) for the sample introduction.

A technical sketch of the endstation is shown in Figure 12.5 (b). The x-ray beam is focused on the

sample with a refocusing mirror driven by high-precision hexapod mechanics. The radial layout of

the vacuum chambers around the transfer chamber (TC) enables e�cient sample manipulation. The

endstation is equipped with the CARVING manipulator providing with three translational and three

angular degrees of freedom (primary, tilt and azimuthal rotations) A helium-flow cryostat with thermal

shielding allows routine measurements at sample temperatures around 11 K, which su�ces to quench

the destructive electron-phonon scattering e↵ects even for materials with low Debye temperatures.

The photoelectron analyzer o↵ers an angular resolution of ⇠ 0.1� FWHM, which is in fact better

than typical planarity errors of cleaved surfaces. We note that high angular resolution is particularly

important for SX-ARPES because the corresponding momentum uncertainty is magnified by high

kinetic energy Ek. Concepts and technical realization of our SX-ARPES endstation is described in

detail in Ref. [4].

12.3.2 Ongoing upgrade

The endstation is presently undergoing a major upgrade funded mainly from funds granted by SNF

within the R’Equip scheme and matched by PSI funds, and partially from industrial funds of SX-

ARPES. The upgrade includes: (1) Adaptation of the sample environment for in-situ field-e↵ect mea-

surements, relevant for the characterization of operative electronic devices; (2) Installation of a new

ARPES analyzer PHOIBOS-225 from SPECS GmbH, which improves energy resolution/transmission
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by 50% and includes electrostatic deflection of the emission angle in the lens. The latter, allowing

mapping of electronic structure in 2D k-space without movement of the sample, is mandatory for

microfocusing experiments; (3) New analysis chamber adopting an aggressive grazing-incidence ex-

perimental geometry with the grazing angle reduced from the present 20� to 9�. This increases the

photoyield gain compared to the standard incident angle of 45� from the present factor of 2 to 4 at

1 keV. Although the aggressive grazing incidence will magnify the x-ray footprint on the sample, the

latter will stay the same due to the retrofitting of the present toroidal RM by the ellipsoidal one from

JTEC (see above); (4) Motorized optical table for precise endstation positioning in the beamline; (5)

A number of o↵-line sample-characterization tools such as a compact raster Auger spectrometer in the

PC. The upgraded endstation, being at the forefront of ARPES instrumentation, will be transferred to

SLS 2.0 without change (no additional costs). The only weak element of the endstation is the present

CARVING manipulator, whose practical mechanical accuracy is limited to ⇠ 10 µm. We propose

to replace it by a high-precision manipulator with the accuracy improved to ⇠ 1 µm as required for

the microfocusing functionality of the endstation. Furthermore, the working temperature should be

reduced from the present ⇠15 K to 7 K.

The endstation energy-resolving power E/�E, determined by the PHOBOS-225 analyzer, is sketched

in Figure 12.6 as a function of the entrance-slit and angular-mode settings. Calculated at the maximal

retarding ratio RR = Ek/Epass accessible for the two modes, RRmax = 20 for medium-angle mode

(MAM) and 30 for large-angular dispersion (LAD) mode, it does not depend on Ek. Among other

ARPES analyzers on the market, PHOIBOS-225 allows the maximal RR and thus maximal E/�E

in the angle-resolving modes. The analyzer’s E/�E far supersedes that of the beamline. This fact

calls for pushing the beamline towards yet higher resolution, which can be achieved by increasing its

length in order to achieve larger demagnification of the source (see above).

12.3.3 Spin-resolved SX-ARPES

Another ongoing instrumental project, running in collaboration with V. N. Petrov (St. Petersburg

Technical University) and J.-H. Dil (PSI/EPFL), is the development of a multichannel electron spin

detector based on optical imaging principles and Mott scattering, nicknamed iMott [15]. Its working

principle is presented in Figure 12.7. A multichannel electron image produced by a standard angle-

resolving (photo)electron analyzer or microscope is re-imaged by an electrostatic lens at an accelerating

voltage of 40 kV onto a gold target. Quasielastic electrons bearing spin asymmetry of the Mott

scattering are imaged by magnetic lenses onto position-sensitive electron CCDs whose di↵erential

signals yield the multichannel spin asymmetry image. Fundamental advantages of this concept include

acceptance of inherently divergent electron sources from the electron analyzer or microscope focal

plane as well as small aberrations achieved by virtue of high accelerating voltages, as demonstrated

by extensive ray-tracing analysis. The e�ciency gain compared with the single-channel Mott detector

can be a factor of more than 104 which opens new prospects of spin-resolved spectroscopies applied

not only to standard bulk and surface systems (Rashba e↵ect, topological insulators, etc.) but also

to the totally unexplored area of buried heterostructures and impurities, the methodological focus of

SX-ARPES.

Having demonstrated the imaging working principle of iMott in late 2018 (manuscript in prepara-
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Figure 12.6: E/�E of the PHOBOS-225 analyzer as a function of the entrance-slit and angular-

mode settings, calculated at the maximal accessible retarding ratio RRmax. The analyzer’s E/�E far

supersedes that of the beamline.

tion) we are now constructing a serial version of this instrument. This will be fitted to the PHOIBOS-

150 analyzer installed at a separate mobile enstation, and extensively tested at the SIS beamline.

Afterwards, we will construct a scaled-up high-e�ciency version of iMott which will be fit to the

PHOIBOS-225 analyzer at the actual SX-ARPES endstation for user operation. The iMott project

is funded by PSI funds and industrial funds of SX-ARPES. A commercial version of iMott is being

designed to retrofit virtually any commercial ARPES analyzer. The simultaneous spin detection com-

bined with fast CCD readout enables e�cient use of the iMott detectors at x-ray free electron laser

facilities.

12.3.4 Prospects

Based on our experience with this microfocusing stage, we foresee the second endstation for nanoscale

experiments, where a zone-plate or advanced refractive optics will deliver a spot size below 100 nm. To

realize such spatial resolution, the nanoscale endstations will use granite baseblocks and high-stability

(possibly hexapod-based) manipulators with temperature control and nano-resolution piezo-stages

similar to those used in the OMNI project now developing towards full UHV compatibility. The

nanoscale photon beam resolution will be complemented by a k-microscope such as KREOS-150 from

SPECS GmbH, which combines the hemispherical analyzer with a PEEM lens to produce in one shot

iso-energetic cuts of electronic structure over a large k-space area covering a few Brillouin zones. The

ultimate energy resolving power and angle resolution of this instrument are presently 5 K and 0.1�,

respectively. In addition, it can operate in a PEEM mode with a spatial resolution of ⇠ 50 nm and
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Figure 12.7: (a) Schematics of the iMott detector attached to the standard angle- and energy-resolving

HSA. (b) Detail of the iMott, which includes the imaging electron lens EL, Au target, four magnetic

lenses MLs and electron-sensitive CCD-detectors eCCDs. Di↵erential images between the opposite

eCCDs yield a multichannel image of the spin asymmetry. The use of imaging principles allows iMott

to work with divergent electron beams.

a micro-ARPES mode with resolution < 2 µm. This instrument is obviously ideal to investigate the

electronic structure of nanoscale electronic and spintronic devices.

12.4 Project management

12.4.1 Timeline

• Conceptual design: January - December 2019

• Technical design: January - June 2021

• Procurement and in-house manufacturing: July 2021 - September 2023

• Installation of new beamline and endstations: October 2023 - September 2024

• Commissioning phase: October 2024 - June 2025

• Pilot user phase: July 2025 - October 2025

• Regular user operation: November 2025

12.4.2 Resources

The realization of the medium and ultimate upgrades will require 18 months of engineering and

24 months of technicians (including the beamline technicians and help of external manpower) plus one

additional sta↵ beamline scientist. The minimal upgrade will require three months of engineering and

18 months of technicians.
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12.5 Concluding remarks

To summarize, we have presented a program to upgrade the SX-ARPES facility for its most e�cient

operation at the SLS 2.0 di↵raction-limited source. It describes a dramatic improvement of the energy

resolution and detection e�ciency of the SX-ARPES facility as well as incorporation of microfocus-

ing, crucial for device spectroscopy. We have outlined two upgrade programs, the medium upgrade

restricted by the present beamline length, and an ultimate upgrade that involves an extension of the

beamline length to ⇠ 98 m to further increase its energy resolution/transmission. We stress that

the heavy overbooking of the present ADRESS beamline (overbooking factor up to ⇠ 4.5) and its

excellent scientific output (⇠ 40 papers per year delivered jointly by SX-ARPES and RIXS) strongly

favour an endeavor to build two separate beamlines for SX-ARPES and RIXS. This is supported by a

significant investment of 1.5 MCHF already made to the SX-ARPES facility (including a new analyzer

with angular deflection) and ADRESS beamline (high-precision monochromator mechanics).

The small horizontal emittance of SLS 2.0 is of vital importance for the above upgrades. In addition

to an increase of the beamline transmission by ⇠ 20% due to more glancing incidence angles on the

sagittal optical elements, the reduction of both horizontal spot size and beam divergence will allow one

to squeeze the horizontal spot size on the sample by a factor of more than 10 compared to the existing

ring. Furthermore, the rounder beam divergence facilitate even illumination of the capillary and

zone-plate nano-focusing optics to increase their transmission. These improvements will push the SX-

ARPES experiment to new classes of the micro- and nanostuctured materials and devices, including

cleaved crystals with domains, heterostructures of layered materials, nanowires and nanowhiskers,

microelectronics devices with electrodes and active areas, and many more.

The proposed upgrades of the SX-ARPES facility will keep the PSI and Swiss science in general

at the frontiers of many current and highly competitive scientific fields, including topological matter,

buried semiconductor and oxide heterostructures, magnetic doping of semiconductors and topological

insulators, and other promising systems for future quantum devices.
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Chapter 13

Soft x-ray RIXS facility at SLS 2.0 -
Elementary excitations of emerging
quantum materials and devices

Thorsten Schmitt, Vladimir N. Strocov, Xiaoqiang Wang, and Leonard
Nue

In a nutshell

Resonant Inelastic X-ray Scattering (RIXS) directly measures the elementary excitations

within lattice, charge, orbital, and spin degrees of freedom of quantum materials as a function

of momentum and energy transfer. The goal of the new soft x-ray RIXS facility at SLS 2.0

is to develop and provide new instrumentation with vastly superior performance that will

enable new science by revealing the low-energy properties of new quantum materials and their

application potential in future electronic and spintronic devices, as well as for information

technology. For this purpose a new soft x-ray RIXS beamline will be build employing optical

elements with ultralow slope errors and taking full advantage of the low-horizontal emittance

of SLS 2.0 by increasing the beamline entrance arm, thereby pushing the achievable energy

resolution. The new soft x-ray RIXS facility at SLS 2.0 will comprise also an ultra-high energy

resolution RIXS spectrometer of 10 to 15 meters length with at least a factor of five increased

energy resolution and a continuous rotation chamber that can be extended with sub-micron

focusing optics, as well as a polarimeter for the polarization analysis of the emitted x-rays.

The capabilities of this instrument will place PSI again at the forefront of RIXS spectroscopy

and provide the Swiss RIXS user community with a highly competitive facility for years to

come. It will allow the study of quantum many-body phenomena that enable emergent

functions like Mottronics, magnetoelectrics, topological electronics, spintronics, or quantum

computing.
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13.1 Overview

Resonant Inelastic X-ray Scattering (RIXS) is a powerful probe of excitations from the electronic

ground state of quantum materials involving lattice, charge, orbital and spin degrees of freedom. RIXS

gives direct information as a function of momentum and energy transfer, on the elementary excitations

within these degrees of freedom of transition metal oxides and related strongly-correlated materials.

These excitations are sensitive to many-body and collective e↵ects in the solid-state and are directly

related to the correlated materials properties as well as low-temperature phenomena in the energy

scale of magnetic exchange and lattice vibrations. Soft x-ray RIXS at the SLS has been utilized in

scientific problems associated with superconductivity [1–9], metal-insulator transitions [10–12], charge

order [8], magnetic order [5], and low-dimensional magnetism [13–16], as well as in molecular physics

and organic transition-metal complexes.

The ADRESS beamline of the SLS, which began operation in 2007, was the premier worldwide

RIXS facility for about a decade. Still today it is one of the leading facilities, but faces strong

competition from upcoming new high-resolution RIXS projects at other synchrotrons. In order to

stay at the forefront of RIXS for years to come, we propose here to upgrade the present RIXS facility,

utilizing the low emittance of SLS 2.0 and beamline optical elements with ultralow slope errors. Such

instrumental upgrades are vital to significantly improve the energy resolution of RIXS in order to

reveal the low-energy properties of new quantum materials and their application potential in future

electronic devices, as well as for information technology.

We describe the conceptual design (CD) of two upgrade scenarios for the soft x-ray RIXS facility at

ADRESS, both employing optical elements with ultralow slope errors for beamline and spectrometer.

Both CD versions presented here assume splitting of the ADRESS beamline into separated and dedi-

cated SX-ARPES and RIXS beamlines. The SX-ARPES CD is described in Chapter 12. For RIXS,

we plan to build for SLS 2.0 a new state-of-the-art beamline with a triple-axis variable-line-spacing

(VLS) spectrometer and continuous rotation chamber, as well as a polarimeter for the polarization

analysis of the emitted x-rays. We divide the CD in two possible phases/stages for realizing such a

facility: (a) a medium upgrade with an approximtely 38 meter long VLS-PGM beamline inside the

SLS building with a 10 meter spectrometer; and (b) an ultimate upgrade with an approximately 98 m

long VLS-PGM beamline with a 15 m spectrometer in an extension hall outside of the SLS building.

These scenarios can be extended by submicron to 100-nm focusing options to enable spatially resolved

RIXS on inhomogeneous quantum materials and devices. In the longer term, towards 2035, we propose

a combination of this ultimate resolution facility with an echo enabled harmonic generation (EEHG)

source for soft x-rays, enabling an additional operation mode for time-resolved RIXS with 1-ps time

resolution and ultimate energy resolution from the source equating to a resolving power of 3⇥ 105.

Table 13.1 summarizes key performance parameters of the suggested new RIXS facility within

the medium upgrade scenario (a) with an approximately 38 meter long VLS-PGM beamline and a

10 meter spectrometer compared to the current SAXES spectrometer at the ADRESS beamline. A
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Key performance parameters Current SAXES/ADRESS SLS 2.0 RIXS facility

Spectrometer length 5 m 10 m

Beam spot size (v ⇥ h) 4 µm ⇥ 55 µm < 1 µm ⇥ 4 µm

Grating slope errors 0.35 µrad 0.05 µrad

Resolving power 12’800 (1500 lines/mm) 47’600 (800 lines/mm)

@ 1 keV 23’300 (3000 lines/mm) 83’300 (1500 lines/mm)

125’000 (2500 lines/mm)

Energy resolution 78 meV (1500 lines/mm) 21 meV (800 lines/mm)

@ 1 keV 43 meV (3000 lines/mm) 12 meV (1500 lines/mm)

8 meV (2500 lines/mm)

Polarisation analysis Only incident beam Incident and outgoing beam

Scattering angle Discrete: 30�, 50�, 70�, Continuous 0� � 150�

rotation 90�, 110�, and 130�

Table 13.1: Comparison of key performance parameters of the current SAXES spectrometer at the

ADRESS beamline with the spectrometer proposed in upgrading scenario (a) for the new SLS 2.0

RIXS facility. Resolving power and energy resolution are given for VLS gratings of di↵erent central

line densities. For this new facility, ultimate low slope errors of 0.05 µrad are assumed. How these

performance values change for more moderate e↵ectively achieved slope errors is discussed in detail in

Section 13.5.1

detailed analysis of both upgrading scenarios is given in Section 13.5.1.

13.1.1 Uniqueness compared to other present and planned beamlines worldwide

PSI is one of the leaders of new instrumental developments in the RIXS technique and has been oper-

ating since 2007 the ADRESS-beamline optimized for soft x-ray RIXS and SX-ARPES experiments.

ADRESS is highly recognized in the international community of synchrotron radiation research and

has stimulated new developments of similar projects at other synchrotron radiation facilities. Such

new beamlines similarly optimized for RIXS in the soft x-ray range have in recent years come into

operation or are close to the construction phase at nearly all synchrotron sources (ESRF, Diamond,

Sirius, SOLEIL, ALS, CLS, BESSY II, NSLS-II, TPS, MAX-IV, PETRA III at DESY, SLiT-J etc.).

The ADRESS beamline is recognized as the role model for developing RIXS projects at the forefront

of synchrotron radiation research. With the upcoming RIXS projects elsewhere, the RIXS project

at ADRESS beamline is entering into a competitive situation with other synchrotrons. We therefore

propose to construct a new RIXS facilities at SLS 2.0 in order to assure that PSI will stay at the front

in this research field. Improvements connected to state-of-the art optical quality of mirrors and grat-

ings, detector technology (begun already with the development of an EM-CCD for RIXS at ADRESS

that is operational since 2016), a RIXS beamline with a larger entrance arm of the monochromator

and the employment of an at least 10 m long spectrometer arm, are expected to reestablish PSI as
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the world leader in RIXS by the time of the SLS 2.0 upgrade. The proposal comprises the addition

of nano-focusing capabilities to the new RIXS instrument which would open opportunities to investi-

gate intrinsic or artificially manipulated nano-scale inhomogeneity and future electronic devices based

on quantum materials. The SLS 2.0 RIXS facility could be the first facility worldwide adding such

performance capabilities to their portfolio.

13.1.2 Impact of the new ring brilliance

The main advantage of the boosted brilliance of the SLS 2.0 di↵raction-limited synchrotron source for

spectroscopic experiments is a dramatic reduction of its horizontal emittance, whereby both horizontal

spot size and beam divergence reduce by a factor of about 6. As we explain below, first of all, the

much smaller horizontal source size proportionally reduces the horizontal spot size on the sample.

In addition, the smaller horizontal divergence allows the design of the refocusing optics with larger

demagnification. When combined, these two e↵ects can reduce the horizontal spot size on the sample

by a factor of more than 10 compared to the existing ring, allowing experiments on micro-structured

samples. Finally, the rounder beam divergence will facilitate even illumination of the round aperture of

capillary and zone-plate sub-micron focusing optics to increase its transmission. These improvements,

in combination with the SLS 2.0 source, will open new opportunities for RIXS spectroscopy to inves-

tigate new classes of micro- and nanostructured materials and devices, as well as cleaved crystals with

domains, heterostructures of layered materials, nano-materials, microelectronics devices, and many

more.

13.1.3 Complementarity to other PSI BLs

The basic origin of all materials properties like electrical transport, ferroelectricity, magnetism, colos-

sal magnetoresistance or superconductivity can be understood from the single particle spectrum

(quasi-particles) and the two-particle response function (collective excitations), which together give a

complete description of the electronic system. The main momentum-resolved spectroscopies probing

the quasi-particle response and collective excitations are Angle-Resolved Photoemission Spectroscopy

(ARPES) and Resonant Inelastic X-ray Scattering (RIXS), respectively. Thus the proposed SLS 2.0

RIXS facility will be ideally complementary to the SX-ARPES facility and the VUV-ARPES instru-

ment at the QUEST beamline, which together can serve for multimodal investigations of the electronic

structure of quantum materials and devices. The new RIXS instrument will naturally be complemen-

tary to all spectroscopic facilities at the SLS 2.0 like, e.g., the XTreme beamline for x-ray absorption

XMCD studies, and with the enhancement through nano-probing capabilities be also a natural ex-

tension of the imaging and di↵raction beamlines of the SLS 2.0Ṫhere will be particular important

synergies of static RIXS at SLS 2.0 with time resolved RIXS opportunities at the Furka station at the

Athos line of SwissFEL.

13.1.4 Size and impact of community – potential increase through the upgrade

There will be many research groups both within Switzerland and from abroad who will be interested

to use the new RIXS beamline and instrument at SLS 2.0Ȧfter the ADRESS beamline was built, many
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groups worldwide immediately applied to obtain beamtime, which led to a situation that ADRESS has

still today an overbooking factor of above 4. We expect a similar situation once the new SLS 2.0 RIXS

facility goes online. Switzerland hosts many world-recognized research groups in quantum materials,

including the following groups who have expressed strong direct support for a R’Equip proposal by

sharing their scientific cases and having provided a letter of support in the initial beamline suggestion

phase for the SLS 2.0 facility: Prof. Johan Chang and Prof. Marta Gibert Gutierrez (Zuerich

University), Prof. Claude Monney, Prof. Christian Bernhard, Prof. Philipp Werner and Prof. Ana

Akrap (Fribourg University), Prof. Henrik M. Roennow (EPFL), Prof. Jean-Marc Triscone (University

of Geneva), Dr. Eugenio Paris, Dr. Cristian Svetina, Dr. Elia Razzoli, Dr. Marc Janoschek, Dr. Simon

Gerber, and Dr. Daniel Mazzone (PSI). Due to the high overbooking (> 4) the RIXS station at the

ADRESS beamline could during the last years not serve its user community su�ciently. It is expected

that the user community has large potential of growing as many very good user proposals had to be

turned down due to this large overbooking, which leads to some fluctuations of the user community

and eventual dropping out of promising user groups. Increased capacity, if splitting the soft x-ray

RIXS and SX-ARPES in two separate beamlines, is expected to extend the user community, tapping

into interested users from neighboring experimental fields like ARPES, neutron scattering, and optical

spectroscopy. In particular the nano-probing extension of the RIXS capabilities could motivate users

that were traditionally using imaging beamlines to begin using RIXS in their projects.

13.1.5 Industrial potential

Modern quantum materials with entangled degrees of freedom of charge, orbital, spin, and lattice,

as well as topological properties, are very promising for future electronic and information technology

devices. The application of these materials is based on the quantum many-body phenomena that

enable emergent functions like Mottronics, magnetoelectrics, topological electronics, spintronics or

quantum computing. The detailed analysis of the elementary excitations in these quantum materials

will help in understanding the electronic structure origin and manipulation potential of their emergent

functionalities. The new RIXS instrument with its significantly improved resolution, field-e↵ect and

nano-probing capabilities will open enormous opportunities to unlock the future application potential

of quantum materials in future electronic and spintronic devices, as well as for information technology.

With such improved capabilities it is expected that the new RIXS instrument at SLS 2.0 will also get

attractive for industry as currently already the case for the SX-ARPES station of ADRESS.

13.1.6 Spectroscopic method

Resonant Inelastic X-ray Scattering (RIXS) is a powerful photon-in/photon-out spectroscopic probe

of the electronic structure [17]. RIXS is extremely sensitive to electronic excitations within charge,

orbital, spin and lattice degrees of freedom of quantum materials. In a RIXS experiment the photon

energy of incident x-rays is tuned close to an absorption edge of an atomic species in the material

of interest, thereby initiating an electron transition between a core level and an unoccupied valence

band state. The created energetic disturbance in the intermediate core-excited state gives rise to a

multitude of elementary excitations, which are probed after a valence electron has recombined with

a core-hole after typically femtoseconds and a photon of corresponding energy is re-emitted. The
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characteristic atomic absorption edges involved in the initiating step of the RIXS process make RIXS

an element-selective probe that, depending on the detailed fine-structure of the absorption spectrum,

can often di↵erentiate between inequivalent chemical sites of a material.

Charge, orbital, magnetic, and phonon excitations are characterized by their characteristic energy,

being determined as the energy di↵erence between incident and re-emitted photons. Furthermore,

knowledge of the wavevectors of the incident and detected photon beam enables RIXS to infer the

momentum-transfer dependence of such collective electronic excitations, from which the energetic

dynamics can be extracted in the form of dispersion relations that can be connected to the basic

electronic interactions. Choosing the polarization of the incident x-rays as either linearly horizontally

polarized in the scattering plane, vertically polarized out of the scattering plane, or circularly polarized,

reveals the symmetry of the involved electronic states in the RIXS process, which allows one to

selectively suppress or enhance particular modes in the RIXS spectra.

13.1.7 New research opportunities emerging from increased energy resolution and nano-
focusing

Modern quantum materials with entangled degrees of freedom of charge, orbital, spin, and lattice, as

well as topological properties, are very promising for future electronic and information technology de-

vices. The application of these materials is based on the quantum many-body phenomena that enable

emergent functions like Mottronics, magnetoelectrics, topological electronics, or quantum comput-

ing [18]. Significantly improving the energy resolution of soft x-ray RIXS will be crucial in accessing

the low-energy excitation energy scales for many classes of quantum materials. The detailed analysis

of these elementary excitations will help in understanding the electronic structure origin and manipu-

lation potential of the emergent functionalities of quantum materials. With such improvements of the

energy resolution it will, for instance, be able to study topological spin excitations [19] or Higgs modes,

i.e. the amplitude modes of the spin-orbit condensate [9, 20]. Together with the polarization analysis

of the emitted x-rays [21,22], this will allow one to characterize the spin and charge dynamic structure

factor at the superconducting gap [23], from which the pairing-symmetry of the superconducting order

parameter can be determined in a bulk-sensitive manner.

With regards to developing a better understanding of the decisive criteria that govern high-

temperature superconductivity, it will be essential to resolve the intrinsic heterogeneities between

the competing or interlinked orders, i.e. in the antiferromagnetic, superconducting, charge-ordered,

pseudo-gap, or strange metal phase, in terms of their elementary excitations [24, 25]. This can be

achieved by adding nano-probing capabilities to the RIXS technique. Ideally, one would like to per-

form spatially resolved RIXS mapping of the elementary excitations with a spatial resolution of below

20 nm and an energy resolution around the superconducting gap size or below. An intermediate step

towards 100 to 250 nm would be very promising for spatially separating the low-energy response of

these phases. For elucidating the percolative behavior of many phase transitions like metal-insulator

transitions (MIT) [26] or magnetic transitions, much of the underlying physics connected to phase

separation can already be investigated with a submicron spatial resolution. Submicron focusing will

also allow one to perform operando RIXS studies of the material components of electronic or magne-

toelectric devices.
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13.2 Source

A minimal heat load coming from the undulator is a prerequisite for high energy resolution, which

is otherwise impeded by vibrations inevitably coming with turbulent flow of cooling water. This can

be achieved with the APPLE-Knot undulator scheme, whereby a certain magnetic-field configuration

shapes the electron trajectories in such a way that the higher-harmonic radiation stays outside the

central cone and can easily be filtered out by the front end slits. This will mean that a lower cooling

capacity would su�ce and thereby avoid or diminish vibrations of the beamline optics. Preliminary

calculations show that this undulator can cover the photon energy range from 200 to 1600 eV. Be-

cause of extremely high photon-flux requirements of the RIXS experiment, the beamline should use

undulators with maximal length, optimally covering the complete section of 4� 4.5m . Details of the

beamline source are described in more detail in Chapter 2.

13.3 Front end

The front end of the new SLS 2.0 RIXS beamline will be developed as an extension of the current

ADRESS front end (see Figure 13.1). It will be adapted for the newly developed APPLE-Knot

undulators that are expected to deliver a total power of 8.4 kW and a power density of 12 kW/mrad2

(see Chapter 2). The CD description of the front end, applying to both versions of new SLS 2.0 soft

x-ray RIXS facilities, are described in detail in Chapter 2.

13.4 Optics

Developing and constructing a beamline and RIXS spectrometer for a facility with a resolving power

towards 100 000 will require ultimate performing optics with 0.05 to 0.1 µrad rms slope errors. Such

instruments will furthermore require the best possible thermal (down to 0.1 K) and vibrational sta-

bilities.

The small horizontal source size of SLS 2.0 will result in a reduction of the horizontal spot size

at the sample by a factor of at least 5. Furthermore, the small horizontal divergence of the beam

will result in small beam footprints at the optical elements that have their sagittal plane in the plane

of the electron orbit. This will enable (1) more grazing angles at the sagittal elements (interceptor

and refocusing mirrors) and thus a beamline transmission increase of ca. 20 %; (2) It will allow

increasing the entrance arm of the monochromator, resulting in higher demagnification of the source

and an increase of the resolving power E/�E. (3) This in turn means that the extremely small slope

errors need to be met only within a smaller optical surface, which is beneficial for very high-resolution

beamlines. (4) Finally, the rounder source will facilitate even illumination of the round aperture of a

capillary and zone-plate nano-focusing optics that will increase its transmission.

In the following we describe the CD of the beamline optics of both upgrading scenarios: (a) a

“medium upgrade” replacing ADRESS with a new ca. 38-m long beamline optimized for the reduced

emittance of SLS 2.0, fitting inside of the SLS building, and (b) an “ultimate upgrade” consisting of a

new ca. 98-m long beamline with an extension hall outside of the SLS building. Groove densities, Cff

values and corresponding E/�E values at h⌫ = 1 keV for the two upgrade plans and various slope
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Figure 13.1: 2D component layout of the existing ADRESS front end.

errors �s of the optical elements are presented in Table 13.2. The ultimate resolving power achieved

with a realistic �s = 0.1 µrad is ca. 130 000 for both the medium and ultimate upgrade options. Also

given in Table 13.2 are the E/�E values for the ideal case of �s = 0, and for �s = 0.15 µrad as the

most conservative case for the medium-upgrade plan and �s = 0.05 µrad as the most optimistic case for

the ultimate-upgrade plan. The corresponding energy dependence of E/�E is shown in Figure 13.3.

13.4.1 Beamline optics of the medium upgrade

The SLS 2.0 soft x-ray RIXS beamline described in this CD report can be implemented in Sector 3,

where the existing infrastructure can be fully used (also suitable for a later length extension and

building of an extension hall outside of the SLS building). The optics of the new beamline would be

based on the proven variable-line-spacing plane grating monochromator (VLS-PGM) [22,27] sketched

in Figure 13.2. The use of only sagitally plane optics, ensuring minimal slope errors �s, will result in the

highest resolution. The horizontally focusing plane-cylindrical interceptor mirror produces a stigmatic

focus at the exit slit. The absence of the focusing mirror in a VLS-PGM beamline, necessary in the

present collimated-light PGM (CL-PGM) scheme at ADRESS [28], will increase the resolving power

E/�E by ⇡ 10% and simplify the optics alignment compared to a CL-PGM beamline. Increased
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BL length Grating, Cff Slope error �s [µrad]

[m] 0 0.05 0.1 0.15

800/mm, 2.2 E/�E = 320000 260800 220900

H⇥V = 3.6⇥ 0.7 µm2 3.7⇥ 0.8 3.8⇥ 1.0

38 1600/mm, 4 890500 650500 520100

(medium) 3.6⇥ 0.4 3.7⇥ 0.5 3.8⇥ 0.7

3200/mm, 8 2590200 1370900 1000100

3.6⇥ 0.2 3.7⇥ 0.4 3.8⇥ 0.5

800/mm, 2.2 900200 660400 430100

2.6⇥ 0.6 2.8⇥ 0.9 3.2⇥ 1.3

98 1600/mm, 2.8 1700200 1170700 730500

(ultimate) 2.6⇥ 0.5 2.8⇥ 0.7 3.2⇥ 1.1

3200/mm, 4 3560500 2160300 1270100

2.6⇥ 0.3 2.8⇥ 0.6 3.2⇥ 1.0

Table 13.2: E/�E resolving power and FWHM spot size at the sample for h⌫ = 1 keV with ellipsoidal

refocusing optics for di↵erent grating configurations assuming di↵erent e↵ective rms slope errors for

the medium and ultimate beamline upgrade options. Note that the E/�E values are given for the

zero-slit limit.

space available at the dedicated SLS 2.0 RIXS beamline will allow higher demagnification of the

source by using an approximately 2 m longer entrance arm and thus higher E/�E balanced with

higher demagnification at the refocusing stage and thus smaller spot size on the sample. Furthermore,

the endstation space freed when having SX-ARPES placed at a separate beamline would allow the

installation of two RIXS endstations, a high-resolution and nano-focusing endstation.

Interceptor mirror

The smaller heat load from the APPLE Knot undulator source will allow a reduction of the cooling

water flow through the interceptor mirror, minimizing its vibrations, and thus the small horizontal

spot size and angular divergence will allow a more aggressive grazing incidence angle of about 0.7�,

increasing the beamline transmission by ⇡ 20%.

Mirror mechanics

We propose to employ high-precision hexapod mechanics from e.g. FMB-Oxford for both the inter-

ceptor and the refocusing mirrors. These mechanics, presently used for the two refocusing mirrors at

ADRESS, have performed excellently.
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Figure 13.2: VLS-PGM optical scheme of the new SLS 2.0 RIXS beamline for the medium-upgrade

and ultimate-upgrade options.

Monochromator

The grating length of the present ADRESS monochromator from JENOPTIC is limited to 100 mm,

which does not allow operation at high Cff -values for e↵ective demagnification of the source. The

planned increase of E/�E by employing higher Cff values requires a monochromator with increased

mechanical stability with grating holders allowing gratings of up to 200 mm length to be mounted

(e.g. from BESTEC).

Gratings

New state-of-the-art plane VLS gratings (e.g. substrates by JTEC and ruling by SHIMADZU) will

have �s ⇡ 0.05 to 0.1 µrad rms. The next limiting factor is the vertical source size. We will reduce

this contribution by a factor of ⇡ 2 by a proportional increase of the operational Cff -values and

consequently the lengths of the gratings. Their profiles will be re-optimized for large Cff -values,

which will keep the corresponding decrease of the grating e�ciency within ⇡ 30% (for details see

Section 12.2). Three gratings will be ruled with a groove density of 800, 1600, and 3200 grooves/mm.

Their operational Cff -values will be chosen as 2.2 for the high-flux value, 4 for the intermediate value,

and 8 for the high-resolution value. The two first gratings will be blazed to increase their reflectivity

by ⇡ 70% and 50%, respectively, compared to laminar profiles.
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Premirror

The improvement originating from doubling of the demagnification also requires the reduction of the

slope errors of the monochromator’s premirror that contribute significantly to increasing E/�E. With

an expected SLS 2.0 source size of 50 ⇥ 20 µm2 (H⇥V), the calculated E/�E at h⌫ = 1 keV is about

140 000 for �s ⇡ 0.1 µrad rms (grating 3200 line/mm, Cff = 8), see Table 13.2 and Figure 13.3.

Multilayer coating of the premirror

The main intensity loss in the beamline is presently at the premirror with a less grazing light incidence

angle of a few degrees . We propose to increase the premirror width to approximately 100 mm and

deposit stripes of multilayer coatings optimized for a sequence of important edges from 450 eV (Ti

L-edge) to 1270 eV (La M-edge) which will be selected by transverse translation of the premirror. This

measure will increase the beamline transmission up to a factor of approximately 5 at these energies,

but will, however, require significant Research and Development. It could also be added at a later

stage after the SLS 2.0 upgrade.

Refocusing optics and Microfocusing

New ellipsoidal refocusing optics will deliver to the new high-resolution RIXS endstation a spot of

3.7 ⇥ 0.4 µm2 H⇥V assuming e↵ective slope errors of the optical elements of 0.1 µrad rms with

a 1 m refocusing exit arm (see Table 13.2). The ellipsoidal surface of the refocusing mirror will

be complemented by a plane one, exchangeable by a vertical mirror translation, which will deliver

light to a microfocusing optics. In order to switch between normal refocusing with the ellipsoid

and microfocusing, we plan to engage retractable capillary optics from e.g. SIGRAY, whose benefits

compared to zone plates include (1) achromaticity, (2) absence of shape distortion when changing the

focal distance allowing convenient trade-o↵ between the focal size and photon damage, and (3) a high

transmission of 30 to 40%, which at least exceeds that of zone plates by 2 orders of magnitude. With

this capillary lens, one can expect submicron focusing to 0.25 ⇥ 0.25 µm2 H⇥V. The capillary optics

are discussed in greater detail in Section 12.2 of the SX-ARPES CDR.

13.4.2 Beamline optics of ultimate upgrade

The ultimate-upgrade plan aims to achieve uncompromised resolution and photon flux parameters of

the SLS 2.0 RIXS beamline via an extension of the beamline length to ⇡ 98 m (see Figure 13.2). This

will allow one to increase the beamline entrance arm to 60 m, thereby (1) maximizing the energy reso-

lution owing to the practical elimination of the source size contribution, and (2) enabling the operation

of the monochromator at smaller Cff -values, resulting in ⇡ 30% increase of the beamline transmission

in comparison to the medium upgrade scenario. Assuming that an ultimate �s ⇡ 0.05 µrad rms will

be achieved, the ultimate E/�E at h⌫ = 1 keV will in this case reach 220 000 with a grating of

3200 line/mm and Cff = 4, see Table 13.2 and Figure 13.3. Figure 13.3 compares the achievable re-

solving power of the two upgrade scenarios for di↵erent grating configurations and e↵ectively achieved

slope errors. New ellipsoidal refocusing optics will deliver to the new high-resolution RIXS endstation

a spot of 2.8⇥ 0.6µm2 H⇥V, assuming e↵ective slope errors of the optical elements of 0.05 µrad rms
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Figure 13.3: E/�E resolving power as a function of photon energy for di↵erent grating configurations,

assuming di↵erent e↵ective slope errors for the medium and ultimate beamline upgrade options. Note

that the E/�E values are given for the zero-slit limit.

at a relaxed refocusing exit arm of 2 m (see Table 13.2). A major advantage of the larger refocusing

distance is that it (1) allows the replacement at a later stage of the capillary with transmission of

about 30% by elliptic-hyperbolic imaging optics with twice larger transmission, and (2) results in a

larger working distance between the refocusing optics and the sample. The latter will in the future

for instance allow the realization of more sophisticated sample environments, such as high magnetic

fields for RIXS experiments.

13.5 RIXS Endstations

13.5.1 High-resolution RIXS spectrometer

Our group has large experience with optimizing and building VLS-type spectrometers [11,29,30]. For

SLS 2.0, we suggest to build an extreme high-resolution VLS-type RIXS spectrometer [22,31] of a total

length of 10 to 15 m (see Figure 13.4 for a concept sketch). Such long spectrometers will be needed to

match E/�E of the spectrometer to that of the beamline (see Table 13.2 and Figure 13.3). Too high

line densities would limit the e�ciency of the RIXS spectrometer and thereby increase the acquisition

times. Assuming a cylindrical VLS grating with slope errors of 0.1 µrad rms, a spectrometer entrance

arm of 2 m, an ultimate spatial resolution of the CCD of 2 µm, and conservatively a 1µm vertical

source size, one obtains E/�E values of the 10 m spectrometer (see Figure 13.5, left panel) at 1 keV

of: 35 000 for a grating of average line density of 800 line/mm, 62 000 for 1500 line/mm and 93 000 for

2500 line/mm. The spectrometer will employ a horizontal collimating mirror to increase the horizontal

acceptance up to a factor of 3 [22, 31]. It will also engage sub-µm focusing with capillary optics, as

described above.
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Figure 13.4: Concept of high-resolution VLS type RIXS spectrometer with horizontal plane-parabolic

collimating mirror and cylindrical gratings.

A 15 m spherical grating VLS spectrometer would match the resolution of the ultimate SLS 2.0

RIXS beamline upgrade. Assuming a cylindrical VLS grating with slope errors of 0.05 µrad rms, a

spectrometer entrance arm of 2 m, an ultimate spatial resolution of the CCD of 2 µm, and conserva-

tively a 1 µm vertical source size, one obtains E/�E values of the 15 m spectrometer at 1 keV of:

52 000 for a grating of average line density of 800 line/mm, 88 000 for 1500 line/mm, and 136 000 for

2500 line/mm (see Figure 13.5, right panel), slightly better than the beamline values in Table 13.2 and

Figure 13.3. This is thereby compatible with the EEHG upgrade scenario (see below). Figure 13.5

compares the resolving power performance of the two spectrometer versions for gratings of di↵erent

central line densities and di↵erent e↵ectively achieved slope errors.

The CCD camera for the high-resolution endstation has already been developed in a collaboration

between PSI, the Open University in UK, and XCAM Ltd., and is since 2017 in use at the current

RIXS instrument at the ADRESS beamline. It is based on electron-multiplying (EM) CCD chips

optimized for sub-pixel resolution with read–out frame rates of above 1 Hz enabling analysis of the

photon events with centroiding algorithms. With a pixel size of 16 µm this camera has an e↵ective

spatial resolution of 2 µm in single–photon counting mode. As can be seen in Figure 13.6, clustering

of 3 CCD-chips in this camera triples the horizontal acceptance.
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Figure 13.5: E/�E resolving power as a function of photon energy for di↵erent grating configurations,

assuming di↵erent e↵ective slope errors for the 10 m and 15 m versions of the spherical VLS-type RIXS

spectrometer. Both spectrometers assume a 2 m entrance arm, a vertical spot size at the sample of

1 µm and an e↵ective detector spatial resolution of 2 µm.

The sample manipulator for the high-resolution RIXS instrument depicted in Figure 13.7 will be

a 6-axis manipulator with 3 translational and 3 rotational degrees-of-freedom. This manipulator is

already in use since 2016 at the current ADRESS RIXS instrument and is based on the series of Carving

manipulators developed and manufactured by PSI. All rotations and translations are decoupled in

this manipulator concept, which allows all rotations of the sample to pass through the sample surface

without any parasitic movements. It is equipped with a liquid helium cryostat that can cool down the

sample to 10 K, reducing thermal drifts to below 20 µm.

The sensitivity of RIXS experiments can also be enhanced by tuning the polarization of the incident

and detected x-rays. The polarization of the incident photons can be selected with a polarized APPLE

II undulator source as linearly polarized horizontally (⇡-polarization) or vertically out of the plane (�-

polarization) of the synchrotron as well as rotated light in between these, or circularly polarized light of

positive or negative helicity. The polarization of the detected x-ray beam after the interaction with the

sample has so far only been implemented at ID-32 at ESRF [21,22]. As the polarization of the photons

may be modified in the intermediate state of the RIXS process, valuable information can be gained

about the symmetry and type of the detected low-energy excitations. Scattering processes leading to

the creation of phonon or charge-transfer excitations leave the polarization of the light as unchanged

as elastic scattering (⇡�⇡ or ��� scattering). On the contrary, for single spin and orbital excitations

the incident linearly polarized light is rotated by 90 degrees (⇡ � � or � � ⇡ scattering). Polarization

analysis is achieved in such instruments with graded multilayers. Such a polarimetric RIXS set-up

will also need a second CCD camera or a mechanical arrangement that allows displacing the CCD

camera accordingly. Implementation of the RIXS polarimeter tools will enable one to separate various

overlapping spectral contributions in the low-energy excitation spectra. With this, we will for instance

be able to discriminate between single magnon excitations and multimagnon or phonon excitations
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Figure 13.6: RIXCcam (from XCAM Ltd.) EM-CCD camera with three CCD chips optimized for

RIXS spectrometers requiring high spatial resolution through photon event centroiding algorithms.

when analyzing the magnetic fluctuations in superconductors. This will also allow the discrimination

between charge and orbital excitations.

The new SLS 2.0 RIXS facility will also include a scattering chamber for continuous rotation

according to the triple-axis spectrometer concept, allowing one to independently vary the incident

angle on the sample, and the scattering angle. The possibility to continuously change the scattering

angle will allow the study of momentum-transfer (q) dependent RIXS spectra perpendicular to the

sample surface and thereby also in three-dimensional materials with prevoskite like crystal structures.

13.5.2 Nano RIXS spectrometer

As a further upgrading option, we foresee installation of a second endstation for nanoscale experiments,

where a zone-plate or advanced refractive optics will deliver a spot size below 100 nm. To realize such

spatial resolution, the nanoscale RIXS endstation will use a granite baseblock and a high-stability

(possibly hexapod-based) manipulator with temperature control and nano-resolution piezo-stages or

a further development of the OMNI manipulator towards full UHV compatibility. Such nano-focusing

capabilities of a dedicated Nano-RIXS instrument would open opportunities to investigate intrinsic or

artificially manipulated nano-scale inhomogeneities and future electronic devices based on quantum

materials.

Furthermore, the imaging properties of the zone plates will allow the realization of the so-called
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Figure 13.7: Liquid helium sample manipulator with 3 translational and 3 rotational decoupled

degrees–of–freedom.

h⌫2-spectrometer [32], delivering a full two-dimensional map of RIXS intensity as a function of incom-

ing h⌫in and outgoing h⌫out photon energies (see the concept sketch of such an imaging spectrometer in

Figure 13.8). In this case, the monochromator slit can be opened to large values, with the monochro-

mator producing in its focal plane a line image extending in h⌫in. The zone plate re-images this into

a demagnified line on the sample. It becomes a source for the RIXS spectrometer combining imaging

action in the vertical (imaging) plane with dispersion action in the horizontal (dispersion) plane. In the

imaging plane a Wolter-type imaging optics, combining plane-hyperbolic and plane-elliptic shapes [33],

deflects the light scattered from the sample into a magnified image on the two-dimensional detector

extending in h⌫in. In the dispersion plane, simultaneously, a spherical VLS grating disperses the

scattered light and brings it into focus on the detector extending in h⌫out. The combination of the

imaging and dispersion actions forms a two-dimensional map of RIXS intensity as a function h⌫in and

h⌫out. The zone plate in this scheme can be replaced by another Wolter-type imaging optics, whose

transmission much exceeds that of the zone plate.

By utilizing an extended h⌫in-range, such a h⌫2-spectrometer increases the detection e�ciency by

a factor of a few tens, remarkably, without any sacrifice in the energy resolution. This is particularly

useful for dilute samples and cases where the incident number of photons onto the sample within the

narrow h⌫in-bandwidth is not large enough to acquire RIXS spectra with su�cient signal statistics.

The spectrometer in an h⌫2 concept intercepts all h⌫in within the energy width of the inverse core-hole

lifetime, over which the RIXS spectra are identical. Therefore, this concept allows one to compensate
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Figure 13.8: Concept of an imaging type h⌫2 VLS-RIXS spectrometer with cylindrical gratings and

horizontal plane-hyperbolic/elliptic imaging mirror and di↵erent refocusing options.

the intensity loss when pushing RIXS to higher energy resolution. However, it is important to consider

that the momentum scanning and the projection of the horizontal image size at the sample, determining

the energy resolution of the spectrometer, are coupled in the h⌫2 spectrometer, which is a practical

limitation of this concept for momentum-resolved RIXS. It should be noted that all non-momentum

resolved RIXS applications would not su↵er from such limitations as those would be operated mostly

in fixed angular geometries between the incident and scattered beam. However, the realization of such

a h⌫2 RIXS instrument would require a significant research and development e↵ort stretching well

beyond the SLS 2.0 upgrade period.

13.5.3 EEHG upgrade option

Echo Enabled Harmonic Generation (EEHG) is a scheme to produce coherent radiation by converting

a short laser pulse to high harmonics of the laser wavelength. This technique has been demonstrated

at FELs and studies for its use in storage rings have already been performed. The implementation
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Figure 13.9: Left: EEHG scheme at SLS 2.0. The first modulator is located in Straight 1, i.e. together

with a cavity. The second modulator and the radiator are located in the second straight. Right: The

electrons are modulated only in the small fraction of the electron bunch that overlaps in time with

the optical laser, allowing time-resolved measurements.

of EEHG requires two modulators (modulator 1 and 2 in left panel of Figure 13.9) for the energy

modulation of the electrons with an external laser, each followed by a dispersive section, which rotates

the phase space. The last element of this EEHG configuration is the radiator, which is an undulator

matched to the photon energies to be emitted (see Figure 13.9). Unique for SLS 2.0 is that one can

take the arc between the two straight sections as the first strong dispersive section, which avoids

emittance blowup inherent to an additional chicane. It also saves significant space, because its R56

matches nicely the operating range of the EEHG scheme in the soft x-ray regime. The second chicane

can be weak, which makes a phase-matcher between modulator 2 and the radiator a viable option.

The result of such an EEHG scheme would be a modulation of the electron density inside the bunch

of about 5% at the resonant undulator wavelength which results in an increase in peak brilliance by 5

to 6 orders of magnitude. The pulse length of the laser and that of the coherent radiation has to be

1 ps or less to achieve repetition rates of up to 1 MHz needed to keep the increase of the overall energy

spread in the beam reasonably low (see right panel of Figure 13.9). Therefore, EEHG at the proposed

SLS 2.0 RIXS beamline would enable time-resolved measurements in the 1 ps range, being thus nicely

complementary to the SwissFEL ATHOS beamline. For a 266 nm seed laser, the number of photons

per pulse (1 ps) at the central photon energy of 1.24 keV will be about 2.4 ⇥ 107. Moreover, as

the energy bandwidth will be in the range of 3.2 ⇥ 10�6, the monochromator could be bypassed for

experiments in EEHG operation mode.

In the longer perspective towards 2035, it is envisioned to extend the new SLS 2.0 RIXS beamline

with such an EEHG source. This would allow time-resolved RIXS experiments with 1 ps to ultimately

100 fs time resolution. It would also operate at a resolving power of 3 ⇥ 105, i.e. the monochromator

could be equipped with bypassing mirrors with very high transmission when having the EEHG mode

switched on, thereby preserving the very high peak brilliance of the source. This would uniquely enable

pump-probe soft x-ray RIXS experiments at a synchrotron and would be ideally complementary to

time-resolved RIXS at the Furka station of the Athos line of Swiss-FEL with 1 to 10 fs time resolution.

Such a source would need to be switchable between normal undulator mode for static experiments

and EEHG mode for time-resolved RIXS experiments.

13.6 IT, controls, and data system

The beamline instruments will be interfaced to EPICS, through drivers developed by the community

or in-house. This allows us to deploy generic utility programs during beamline commissioning, as well
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as in operation. The addition of various surveillance/diagnostic cameras and fast updating EPICS

data has imposed higher network throughput requirements. It is thus desirable to have all PCs with

10 GBit capable Ethernet connections.

It is important that the EPICS drivers/tools are maintained for the future. The current detector

system consists of 3 CCD chips, which typically produce data at 3-4 MB/s. If this data is saved, it

requires more than 250 GB per day. Because we perform online analysis of the 2D images, in which we

record the event positions instead of saving complete images and directly produce 1D RIXS spectra,

the amount of storage required is dramatically reduced. The current analysis is able to explore the

full CPU power using multi-thread techniques. Towards SLS 2.0, it is initially not foreseen to change

the detector system. However, future detector systems are envisioned to take similar advantage of

data reduction strategies. Nevertheless from our experience, a file server with improved throughput

and reliability would be beneficial.

13.7 Timeline

Time period Main Activities

January 2020 - June 2021 Technical design and CAD

July 2021 - September 2023 Procurement and in-house manufacturing

October 2023 - September 2024 Installation of modified infrastructure, new beamline and endstation

October 2024 - March 2025 Commissioning phase

April 2025 - June 2025 Pilot user phase

July 2025 Regular user operation

Table 13.3: Planning and installation phases of the new SLS 2.0 RIXS beamline.

13.8 Concluding remarks

In summary, we have described the CD of two upgrade scenarios for the future soft x-ray RIXS facility

at SLS 2.0. Both upgrade paths employ optical elements with ultralow slope errors for beamline

and spectrometer, and take full advantage of the low horizontal emittance of SLS 2.0, enabling the

construction of beamlines with significantly increased entrance arms, thereby pushing the achievable

energy resolution. Such instrumental upgrades are vital for PSI to stay at the forefront of RIXS for

years to come, and will significantly improve the energy resolution of RIXS in order to reveal the

low-energy properties of new quantum materials and their application potential in future electronic

devices as well as for information technology. The priority suggested is to build a new state-of-the-art

RIXS beamline with a triple-axis VLS spectrometer and continuous rotation chamber as well as a

polarimeter for the polarization analysis of the emitted x-rays. The stages for realizing such a facility

are: a medium upgrade (a) with a ca. 38 meter long VLS-PGM beamline inside the SLS building with

a 10 meter spectrometer and an ultimate upgrade (b) with a ca. 98 meter long VLS-PGM beamline
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with a 15 meter spectrometer in an extension hall outside of the SLS building. These scenarios can

be extended by submicron to 100 nm focusing options in an additional endstation to enable spatially

resolved RIXS on inhomogeneous quantum materials and devices. In the perspective towards 2035,

we suggest to combine this ultimate resolution facility with an EEHG source for soft x-rays, enabling

an additional operation mode for time-resolved RIXS with 1 ps time resolution and ultimate energy

resolution from the source of up to a resolving power of 3⇥ 105.
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Chapter 14

Operando x-ray spectroscopy and
scattering for chemistry beamline suite

Adam Clark, Stephan Hitz, Maarten Nachtegaal, Olga Safonova,
Roelof van Silfhout, Grigory Smolentsev, and Urs Vogelsang

In a nutshell

In the last decade, the SuperXAS beamline team has been providing and further developing

x-ray spectroscopic methods, which provide insights in the time-resolved local geometric, as

well as the full electronic structure-function/performance relationships of functional mate-

rials under their true operating (operando) conditions. The SuperXAS beamline is world

leading in QEXAFS, which allows the continuous collection of full EXAFS spectra within

10 ms and is one of the drivers in the developments of new x-ray emission spectrometers as

well as laser pumpprobe XAS spectroscopy in the nano- to millisecond regime.

To maintain our leading role in the field and serve the needs of a large (Swiss) chemistry

user community (both academic and industrial), two hard x-ray beamlines for operando

studies will be available at SLS 2.0. The SuperXAS beamline will keep its leading posi-

tion in QEXAFS and be further upgraded with the development of a new x-ray emission

spectrometer allowing pump-probe XES experiments. An additional beamline, the Debye

beamline, recently funded by the ETH domain, will already be added to the SLS 2.0 port-

folio before the upgrade. This beamline will combine high-throughput QEXAFS with XRD

and total-scattering experiments in the forward direction on the same sample. With this

newly designed instrument, to be operated under a new rapid-access user model, and the

upgraded SuperXAS beamline, a unique x-ray tool-set for chemical research will be available

at SLS 2.0. Both beamlines capitalize on the developments of a new tunable superconduct-

ing bending magnet, which will allow experiments up to 50 keV. With these two unique

hard x-ray beamlines, PSI will remain at the forefront of operando studies for the chemistry

community.
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14.1 Overview

Chemistry is an enabling foundation of modern society, directly contributing to economic growth

and life quality. Despite only ranking 99th in terms of world population, Switzerland is the 8th

largest chemical supplier. However, the chemical industry is undergoing a sea change, as it needs to

simultaneously adapt to the shifting global economy, a complete change in availability and e�cient

use of resources, massively reducing the e↵ects on the environment, and swiftly evolving advanced

healthcare needs. Furthermore, the Swiss Federal Council has launched the Energy Strategy 2050

[1], which aims to develop new technologies for e�cient production, storage, and use of renewable

energy sources (replacing both fossil fuels and nuclear sources) while at the same time reducing the

environmental impact. Catalysis is a powerful facilitator in overcoming these emerging pressures.

Several initiatives have been launched by the ETH domain to provide the knowledge basis for this.

The operando spectroscopy team is involved in these initiatives; one is the national competence center

of research (NCCR) ‘Sustainable Chemical Processes Through Catalysis, which will run for the next

12 years. Another initiative is the ‘Catalysis Hub, which together with SLS 2.0, was successfully

funded this year.

The SuperXAS beamline, in operation since 2008, is dedicated to hard x-ray absorption and emis-

sion spectroscopy (XAS and XES). At SuperXAS, XAS and XES have proven to be particularly

suitable for uncovering structure-activity relationships in energy materials, such as (photo-), (electro-

) catalysts and batteries [2–4]. Importantly, structural features of these materials can be revealed under

real working conditions (so-called operando): under electrical potential, during charging, and/or dur-

ing a catalytic reaction. This knowledge is essential to rationally design new materials and processes [5].

In such studies, both enhanced chemical sensitivity (achieved by better resolving x-ray emission spec-

trometers) and time resolution are crucial. Tunable time resolution is required to probe each material

or process at time scales relevant to the specific application, ranging from slow degradation processes

(for example, in batteries) to fast photo-activation of photo-catalysts.

The SuperXAS beamline hosts a unique combination of standard and in-house developed methods,

including x-ray absorption near-edge structure (XANES), extended x-ray absorption fine structure

(EXAFS), non-resonant and resonant XES, hard x-ray resonant inelastic x-ray scattering (RIXS) and

a technique we put on the map: high energy resolution o↵-resonance spectroscopy (HEROS) [6]. XAS

provides information on the projected empty density of states of the element of interest and identifies

the type of nearest-neighbour atoms, their number, symmetry and bond distances. XES provides

insights into the occupied density of states, where especially the weak valence-to-core transitions

(vtc-XES) provide essential chemical information about the nature of nearest neighbors and their

coordination. Hard x-ray RIXS (alternatively called resonance XES or RXES) combines XAS with

XES at resonance energy, thus providing a complete picture of the projected density of states. The

ability of SuperXAS to collect XAS spectra in a few milliseconds (quickXAS) is world leading and

allows one to follow rates of chemical reactions (including identification of the structure of reaction

intermediates). Finally, the laser-lab (hosting a femtosecond laser and an optical parametric amplifier,

OPA) in combination with a unique data-acquisition system enables laser-pump-x-ray-probe XAS

experiments in the ns to µs time range, complementary to the fs to ps range available at SwissFEL.

To remain at the forefront of hard x-ray spectroscopy beamlines after the SLS 2.0 upgrade, Su-
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perXAS plans to make x-ray emission spectroscopy available for pump-probe studies, thereby enhanc-

ing the chemical sensitivity of time-resolved studies. After the upgrade, pump-probe non-resonant XES

will become available in the ns to µs time range, providing additional insights in the time-evolution of

occupied density of states. QuickRIXS with ms time resolution will be developed to obtain a complete

picture of the electronic structure of the element of interest during a chemical process. The time

required for the measurements of weak vtc-XES spectra will decrease by a factor of 100. Developing

these methods requires a high-field bending magnet, a reduction of the focal spot on the sample down

to 30 ⇥ 30 µm2, implementation of a high-bandwidth multilayer monochromator, installation of a

continuously scanning four-bounce monochromator, and an upgrade of the laser infrastructure.

To address the increasing need for operando studies by the chemistry community, we recently

obtained funding (period 2021-2023) from the ETH domain to build an additional beamline for x-

ray absorption spectroscopy combined with high-energy scattering experiments (XRD and PDF in

the forward direction) on a superbend port. This beamline will experiment with providing a regular

and rapid access model to serve the chemistry community with standardized operando x-ray analysis

methods in a timely matter. The technical design work, including ray-tracing studies, have just

started for this beamline. In general a large commonality in optical layout between both beamlines is

anticipated.

14.1.1 Uniqueness compared to other present and planned beamlines worldwide

Quick XAS (with a sub-second time resolution) became for the first time worldwide permanently in-

tegrated at the SuperXAS beamline more than a decade ago. This technique is now implemented at

other synchrotron facilities (TPS 44A, PETRA III P64, SOLEIL ROCK), with the SuperXAS still

o↵ering the best reported time-resolution. The SuperXAS beamline is currently being upgraded with

a newly developed monochromator that will uniquely allow the possibility to scan simultaneously mul-

tiple absorption edges, while keeping the same spatial position on the sample (thanks to the recent

development of a direct drive quick-scanning four-bounce monochromator, including a modern regu-

lated driving control concept). Additionally, recent advancements in time-resolved quick fluorescence

XAS have been demonstrated recently at the SuperXAS beamline, uniquely providing sub-second time

resolution on dilute chemical systems, a particular advantage for the studies of batteries, fuel cells,

electrolyzers and catalysts. With these pioneering developments, the SuperXAS beamline will remain

worldwide leading for Quick XAS studies.

We will maintain our capabilities for XAS-based techniques which currently form the core of our

activities and output and for which we have highly-optimized setups: steady-state XAS, pump-probe

XAS in the nanosecond-microsecond time range, and quick XAS under in-situ or in-operando condi-

tions.

X-ray emission spectroscopy (XES) is complementary to XAS and has been implemented at many

synchrotron facilities in the last decade, with the von Hamos geometry (allowing single shot XES) being

introduced by the SuperXAS beamline team. Nevertheless, instruments for XES at energies above

15 keV are not currently available at synchrotrons. We are currently developing such a spectrometer

and have the first version of it established at the SuperXAS beamline. For time-resolved non-resonance

XES, the lower incident beam flux in comparison to undulator beamlines can be compensated by using
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the high flux of pink beam or broadband beam (with approximately 5% bandwidth) from a multilayer

crystal. The development of a cylindrical XES spectrometer, which increases the solid angle by a

factor 15 will give access to sub-second XES as well as pump-probe XES in the ns to ms time range.

Pump-probe XES experiments with ⇠ 100 ps resolution have been demonstrated at 7ID of APS and

ID26 of ESRF by experienced users bringing their own hardware (lasers or XES spectrometers); such

experiments are also under development at ID09 of ESRF, but experiments in the microsecond range

have not been demonstrated so far. Only pump-probe XAS in the microsecond range is performed

regularly at SuperXAS and at 11ID-D of APS. Pump-probe XES with microsecond delays has been

demonstrated at the LCLS x-ray free electron laser. At first glance the boost of the repetition rate of

XFELs (up to 4.5 MHz within the burst for European XFEL, 1 MHz for LCLS-II-HE and SHINE XFEL

(after 2025)) will make experiments in the microsecond time range e�cient using a sequence of pulses

to measure kinetics. Nevertheless, experiments at existing XFELs show that short pulses of XFELs

disturb the sample so much that it is impossible to irradiate the same sample volume with multiple

x-ray pulses and ultrafast sample replacement between two x-ray pulses is needed. Therefore, we do

not expect a revolution for experiments in the microsecond time range induced by the development

of high repetition rate XFELs. Consequently, SuperXAS will be a leading beamline for pump-probe

XES and XAS in the microsecond time-range.

Finally, the combination of the new cylindrical XES spectrometer with quick XAS will allow quick

resonant x-ray emission spectroscopy (quick RXES): a potential powerful techniques for which we will

have unique capabilities at SLS 2.0 and which has not been demonstrated at any other synchrotron.

For quick RXES only few beamlines worldwide have capabilities to perform quick energy scans and

at the same time have (or still developing) emission spectrometers in dispersive geometry. These

are P64 at PETRAIII, CLAESS at ALBA and Balder at MAX IV. Besides these two components,

Quick RXES requires a fast detector (with readout at MHz frequency or with event-based readout)

and a data acquisition system, which synchronize monochromator and detector. To the best of our

knowledge, none of these beamlines plan to implement fast 2D detectors to realize QuickRXES with

sub-second resolution.

14.1.2 Complementarity to other PSI BLs

SuperXAS is complementary to other x-ray spectroscopy beamlines at SLS 2.0, including Phoenix

(XAS and XES in the tender x-ray range) and microXAS (chemical imaging). The scheme developed

for pump-probe XAS and XES at SuperXAS (including lasers) is spread out to the Phoenix and

microXAS beamlines and is complementary to the Alvra facility at SwissFEL. This allows detection

of XAS and XES in a complementary time regime as o↵ered at SwissFEL.

The SuperXAS team collaborates with a large number of chemistry research groups from Swiss

Universities, Industries and the ETH domain, and is matrixed with the Energy and Environment

research division at PSI. This led to the development of world-wide unique operando setups for studying

catalysts, batteries, fuel cells and electrolyzes by spectroscopic, scattering and imaging methods.

Moreover, large research initiatives in energy and sustainable chemistry research on the national level,

including the newly funded Catalysis Hub at ETH and EPFL, NCCR Catalysis, and SynFuel at PSI

and EMPA require the use of the SuperXAS (and Debye) beamlines and will further increase the user
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base and demand for beamtime.

14.1.3 Size and impact of community – potential increase through the upgrade

SuperXASs 10 year average overbooking factor is about 2.1 and has an average of 38 accepted proposals

per year. We expect that this overbooking factor will only increase, considering the steady growth we

observed in the last five years of the chemistry and energy research communities in Switzerland and

worldwide. Accordingly, even with our continued push towards shortening XAS and XES acquisition

times, new software tools for online data analysis, remote operation and e�cient setups at both the

Debye and SuperXAS beamlines, leading to significantly more beamtimes per year, this will not lead

to a reduction of the overbooking factor.

14.2 Source

The 2.9 T superbend source, which was first introduced at SLS, has been the feature that made the

SuperXAS beamline super, by providing a continuous flux over a large energy range (critical energy

11.9 keV). A continuous source is needed for an x-ray spectroscopy beamline where fast (in the ms-

regime) scans through several keV are routinely performed to cover two to three absorption edges (3

to 5 keV) in a given scan. Thanks to the small source size, this resulted in a photon flux of 1011 -

1012 ph/s in a 100 ⇥ 100 µm2 spot at the sample. At SLS 2.0, we will install a novel superbend,

which is semi-tunable (between shutdowns one is able to switch between field strengths of 2.8 T up

to 5 T). This source means that at low energies there is a reduction of the vertical divergence and

thus an increase in the total acceptance; while at high energies the flux will increase by a factor of

five (Figure 14.1).

Figure 14.1: Comparison of integrated flux of the superbend dipole source for di↵erent field strengths

before and after the upgrade for photon energies between 4 and 45 keV with a Si(111) monochromator

and acceptance of 2 mrad horizontally. [7]
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14.3 Front end

Currently, the SuperXAS front end uses a 0.1 mm thick CVD diamond window placed in the machine

tunnel (5 m from the source), which seals the machine vacuum from that of the SuperXAS beamline.

This low-Z material creates an attenuation of the beam at the lower energy part of the spectrum, as

shown in Figure 14.2. Alternatively, one could use a Be window for better transmission at lower x-ray

energies. This is currently being looked into. The use of a water-cooled filter rack is very helpful in

various circumstances and it is a relatively simple device to install. Together with the use of x-ray

mirrors with di↵erent coatings a very e↵ective energy filter is created that helps to keep the heat load

down on optical components and prevent higher harmonics from reaching the sample. Ideally, the filters

are made of di↵erent materials and thicknesses so that the beam can be attenuated by well-known

factors. Materials suitable for filters include: aluminium, graphite, glassy carbon (Sigradur K & G –

http://www.htw-germany.com), and CVD diamond (http://www.diamond-materials.com).

Figure 14.2: The attenuation factor from several elements used in the beamline in the form of vacuum

windows and filters as a function of photon energy. Aluminium is only used if photon energies above

20 keV are required.

Particularly for the high-energy side of the spectrum in which the mirrors become less useful, the

filters take on the job of e↵ectively reducing the heat load on the monochromator. Also for alignment

purposes, the ability to reduce beam intensity is quite helpful, especially when working with either

white or pink beam.

In the new front end design of the SuperXAS II and Debye beamlines, which mimics the one from

the PX III beamline now and at SLS 2.0, the mirror tank and mirror will be replaced by an overall

smaller version. Also, a novel design to define the beam size of two movable apertures will be used

instead of the current slit system. These changes will lead to a more compact front end, which would

fit better with the new SLS 2.0 lattice.

Table 14.1 shows a comparison of the heat load of each subsequent element under the conditions

http://www.htw-germany.com
http://www.diamond-materials.com
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SuperXAS (2.9 T) SuperXAS II (4 T)

Max. Power Density [W.mm�2] 7 9

Total Power Through Fixed Aperture [W] 187 258

Absorption CVD Window [W] 69 71

Absorption Graphite [W] 11 14

Removed by slits (4.8⇥ 0.8 mm2) [W] 90 147

Collimating Mirror Exposed [W] 17 26

Collimating Mirror Absorbed [W] 8 16

Incident on Monochromator [W] 9 10

Table 14.1: Power loads of front end beamline components that are exposed to the white beam shown

before and after the SLS upgrade. The power loads were determined by XRT.

in which the collimating mirror was set at an angle of 3 mrad with a rhodium coating. The existing

0.3 mm thick CVD window will absorb about 70 W of power and removes from the beamline most

x-rays with an energy below 4 keV. The white beam slits take the brunt of the power loading when

set at their regular setting as indicated.

The slit setting chosen to calculate the power loading of the collimating mirror and monochromator

corresponds to a transmitted fan of radiation measuring 0.75⇥ 0.125 (h ⇥ v) mrad2 and is currently

a default setting at SuperXAS. The optical system downstream of the slits is capable of accepting

a larger fan of up to 1 ⇥ 0.5 (h ⇥ v) mrad2. Although the collimating mirror can collect the full

horizontal fan of 2.8 mrad, the limit of about 1 mrad is determined by the existing toroidal mirror

(see Section 14.4.3). In Table 14.1 the expected power loading and resulting flux at the sample are

given for a set of white beam slit settings, as derived from ray tracing calculations [8].

Slit settings [h ⇥ v mrad2] 0.75⇥ 0.125 0.75⇥ 0.25 0.75⇥ 0.32 1⇥ 0.32 2⇥ 0.32

Exposing collimating mirror [W] 26 39 44 57 112

Absorbed by mirror [W] 16 21 23 30 59

Absorbed by monochromator [W] 10 18 20 27 53

Flux at 12 keV [ph s�1] 5x1011 7x1011 9x1011 1.0x1012 1.2x1012

Table 14.2: Power loads after the SLS upgrade for di↵erent white beam slit settings. The power loads

were determined by XRT. The flux shown is measured at the sample position where the monochromatic

beam (12 keV) is focused by the existing toroidal mirror. The mirrors are set at 3 mrad and are coated

with Rh. Note that because the toroidal mirror can only handle horizontal fans up to 1 mrad, there

is no linear increase in flux at the sample for the largest horizontal slit setting.
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14.4 Optics

The di↵erent experiments envisioned at SuperXAS II require a flexible but stable optical layout.

SuperXAS features a tried and tested, traditional collimating and toroidal mirror pair in a non-

dispersive configuration, such that the monochromatic exit beam travels parallel to the floor. In

order to cover a wide range of photon energies without harmonic contamination, the collimating and

toroidal mirrors have sets of di↵erent coatings. The collimating mirror for an x-ray spectroscopy

beamline is essential in order to make full use of the photon flux from the source using a double

crystal monochromator with high energy resolution. The toroidal mirror allows for both horizontal

and vertical focusing of the monochromatic beam at the sample position using a single optical element

with a minimum of controls, thus providing easy operation of the beamline. Any modification in the

existing setup will have to fit into the current footprint of the existing hutches.

An overview of the proposed SuperXAS II beamline and its main components is shown in Fig-

ure 14.3. For clarity, filters, beam shutters, beam diagnostics, sample environments and potential

upgrades are not presented. The proposed design features ease of operation across the full energy

range whilst taking full advantage of the expected increase of brilliance without compromising the

high-energy resolution necessary for spectroscopy. The layout shown matches that of the existing

SuperXAS facility with the addition of a KB micro-focusing setup. This has been added to provide

the option to attain the focal spot size required for pump-probe experiments of 30⇥30 µm2 or smaller.

The choice for an optional KB system is guided by the requirement that such post-focusing optics are

achromatic and feature a reasonable numerical aperture.

The configuration shown has an up-up-down-down deflection geometry that provides an e↵ective

way of blocking Bremsstrahlung using a beam stop downstream of the first monochromator crystal.

A detailed description of each beamline component is given in the following sections. The sample

position is variable to lend flexibility in the sample environments and additional equipment. When

using the toroidal mirror, the focus will be located at about 23 m, which is between a 1:1 and 2:1

demagnification of the source.

The general layout requires two lead-lined hutches: one optical hutch (10 - 18 m) and one experi-

mental hutch downstream of the optical hutch (18 - 30 m) with space for control cabins and sample

preparation at the back of the experimental hutch (30 - 40 m). Currently it is assumed that the old

hutches will remain at SLS 2.0.

14.4.1 Vertically collimating mirror (VCM)

The first optical element that is exposed to the pink beam is a vertically collimating mirror (VCM),

which is capable of collecting the white beam cone as transmitted through the front-end mask. The

VCM has three functions:

• Removing high-energy photons (harmonics) which adversely a↵ect spectroscopy measurements;

• Reducing the heat load on the monochromator with a low-pass filter;

• Collimating the incident beam to provide a better energy resolution.

For Si(111) monochromator crystals, the strongest harmonics are the third order ones. Therefore,

starting at 4 keV photon energy, the first cut-o↵ energy should be set below 12 keV (less than triple
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Figure 14.3: Proposed spectroscopy beamline layout, only key optical components are shown (not to

scale). A KB micro-focusing system would be placed in the experimental hutch. Various slit systems

and a white beam stop are shown in blue.

the desired photon energy). A second cut-o↵ set below 30 keV is then required for higher energy

x-ray edges. Matching these cut-o↵s with suitable mirror coatings and usable incident angles of the

beam with the mirror, one can identify three energy ranges: Si: 4 - 10 keV, Rh: 10 - 20 keV, and

Pt >⇠ 20 keV. In order to cover the full energy range, one can readily distinguish three sub-ranges

for which a di↵erent mirror coating or angle of incidence must be chosen (see Table 14.3).

For experiments with radiation at the upper end of the usable energy range (30 - 45 keV), the

Pt-coating must be used at a reduced angle of 2 mrad. The angular change from 3 to 2 mrad

results in height changes of monochromator, toroidal mirror/sample of 15.7 and 8.2 mm, respectively.

Alternatively, it would also be possible to operate without the use of the toroidal mirror (denoted by

- in Table 14.3) for high-energy experiments.

Figure 14.4 shows the reflectance of a single reflection of a coated mirror with suitable angles of

incidences for each coating type in order to achieve the above listed three photon energy ranges. Besides

Si and Rh coatings, a Pt coating would be required for the higher range of energies. A compromise

with this choice is that Pt absorption edges appear in the reflected beam around 11 keV causing

an e↵ective reduction in the reflectivity of the mirror at higher energies. Note that the calculation

represents the reflectivity for one mirror only. With a second (focusing) mirror, the reflectivity for a

Pt coating would be approx. 0.852 = 0.72.

Capturing the full horizontal divergence (limited to 2.8 mrad by a white beam aperture) with
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Photon Energy (keV) VCM Coating Angle of Incidence (mrad)

4 - 10 Si 3

10 - 20 Rh 3

20 - 30 Pt 2.5

> 30 -/Pt 2

Table 14.3: Mirror coating selection and angle of incidence used for the di↵erent energy regions that

are measured at the beamline.

Figure 14.4: Mirror coating and angle of incidence for creating energy cut-o↵s at 10, 20 and >30 keV.

The calculated reflectivity of each coating is for a single reflection, whereas the beamline generally

will use two mirrors.

the VCM located at approximately 7.7 m from the source requires coating strips with a width of

approximately 25 mm.

14.4.2 Two-bounce or four-bounce channel-cut monochromator

The monochromator is the heart of any spectroscopy beamline and therefore deserves special attention.

Most hard x-ray spectroscopy monochromators use a non-dispersive two crystal arrangement as shown

in Figure 14.5(a). Such a setup is non-dispersive because an incoming ray, which deviates from the

central ray at angle ✓ by �✓ on the first crystal, will also deviate by �✓ on the second. Thus,

every ray passing the first crystal passes the second. The energy resolution achieved by such a setup

is determined by two factors: the range of �✓ allowed to strike the first crystal, and the intrinsic

resolution of the crystal measured by its rocking curve width.

For a dispersive arrangement shown in Figure 14.5(b) the situation is di↵erent. If a ray deviates by
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�✓ on the first crystal, it will strike the second crystal displaced by ��✓. Therefore, if �✓ is greater

than the rocking curve width, the ray will not be transmitted. In e↵ect, the first crystal acts as a slit

for the second crystal and the energy resolution is solely set by the crystal properties. The two-crystal

dispersive geometry shown in Figure 14.5(b) is not practical since the exit beam will deflect strongly as

the photon energy is scanned. A more practical variant with four crystals is shown in Figure 14.5(c).

Here, the second and third crystal are in a dispersive arrangement.

Figure 14.5: Monochromator crystal geometry for three di↵erent configurations: a) non-dispersive (+

-), b) dispersive (+ +) and c) four crystal dispersive (+ - - +)

The four-crystal variant has a further, significant advantage. If the two Bragg angle rotations

are located on the surface of the first and fourth crystal, respectively, the incident white beam and

exit monochromatic beam are perfectly aligned at any energy setting (true fixed-exit). This is a big

benefit as long as the line of sight can be blocked between the two sets of crystals with a white beam

stop made of a dense material such as tungsten or lead. The intrinsic suppression of the tails of the

reflectivity curve by the multi-bounce arrangement further improves the energy resolution o↵ered by

such a solution.

So far, relatively few x-ray spectroscopy beamlines use a four-bounce crystal monochromator setup,

although this arrangement was already suggested in 1937 by DuMond [9] and several interesting

implementations have been published [10–13]. The reason for the modest uptake is due to the added

complexity to keep the two sets of crystals perfectly aligned during energy scans. Modern precision

motor control and high precision encoders have significantly simplified such tasks and the use of two

channel-cut crystal sets further reduces the complexity.

The precise distance or gap between the crystal sets, photon energy range required, position and

length of each crystal are interrelated. The width of the crystals is determined by the horizontal size

of the beam at the position of the monochromator. A typical gap between the crystals would typically

be larger than 5 mm, simply because the vertical extent of the incident beam would be similar in size.

For a channel-cut monochromator in which the crystal gap is fixed, a gap size between 6 and 8 mm

is recommended. For this choice, the gap between white beam and monochromatic of 12 to 16 mm is
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su�cient and can be blocked easily with a substantial beam stop. The vertical deviation of the beam

height over the full energy range is limited to 1 - 1.5 mm, respectively (10.9 - 12 mm for 6 mm gap

and 14.5 - 16 mm for 8 mm gap).

Figure 14.6: Angular Darwin width of a single silicon crystal with di↵erent orientations.

An important aspect for spectroscopy is the energy resolution of the monochromatic radiation

selected by the monochromator. The inherent energy resolution of a crystal monochromator is dictated

by its acceptance angle, also called the angular Darwin width. With Si(111) and Si(311) crystals

available side by side in the monochromator chamber, one has access to the Si(111), Si(311) and

Si(333) reflections. The Darwin width (⇣) of each reflection is shown in Figure 14.6 together with

that of the Si (511) reflection for comparison. To cover the large energy range, at least two di↵erent

reflections must be used. For all cases the Si(111)/Si(333) and Si(311) crystals su�ce and give access

to the full energy range of 4 to 50 keV. A Si(220) crystal set with a resolution between Si(111) and

Si(311) was considered, but the strong second harmonic would require frequent mirror adjustments.

The Si(111) and Si(311) crystal sets provide an energy resolution of 1.3 ⇥ 10�4 and 0.5 ⇥ 10�4,

respectively. One can also opt for Si(333) without changing crystals by filtering the first harmonic of

the Si(111) reflection using attenuators. For Si(333) the energy resolution is 0.3⇥ 10�4. The trade-o↵

for the higher energy resolution is a lower flux.

Stability is critical. The best performing monochromator systems have a pointing stability of

about 50� 100 nrad. At a distance of 10 m from the monochromator, these movements would result

in beam changes that are significantly smaller than the beam size. The best commercially available

double crystal monochromator system reports an angular stability figure of 54 nrad and relies on an

air bearing Bragg rotation axis. The SuperXAS beamline uses a channel-cut monochromator, which

inherently features an excellent level of stability with high resonance frequencies due to a much reduced
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complexity alignment system which consists of a single (Bragg) axis to set the photon energy.

A four-bounce liquid nitrogen cooled system consisting of two channel monochromators with syn-

chronised Bragg motors is currently being installed at the SuperXAS beamline and will be fully com-

patible with SLS 2.0 space requirements and power densities. This monochromator can also be used as

a conventional two bounce channel-cut monochromator where the second channel cut monochromator

is moved out of the beam.

Due to the fact that it is impossible to operate the beamline with a single, fixed setting of the

reflecting angle of the collimating mirror, it will be necessary to equip the monochromator with a

precise, remotely controlled vertical positioning system. This system would also be of use to allow the

reflected white (or pink) beam to pass the monochromator undisturbed by lowering the crystals out

of the beam.

14.4.3 Focusing mirror optics

The collimated and monochromatic beam emerging from the monochromator is rather large and

focusing optics are required to provide an intense beam at the sample position. Several schemes can

be employed to do so, each with specific issues that merit some discussion. Due to the choice of

mirror optics, several modes may be selected depending on the required beam size, energy resolution,

and selection of a large coherent fraction. The options combined provide a rich palette of beamline

setups that will cater for a wide variety of experiments in addition to standard spectroscopy setups

that do not necessarily require a tightly focused beam. The preferred optical setup o↵ers a variety of

measurement options providing for a wide range of experiments, namely:

• Toroidal mirror focusing only

• KB focusing only

• Compound focusing

Figure 14.7 shows the various focusing options, two of which use an additional KB micro-focusing

system either in combination with a toroidal mirror and a secondary source aperture, or alone.
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Figure 14.7: The three focusing options for SuperXAS with the optional KB mirror system. Only

the focusing elements and slits systems are shown. a) shows the situation in which only the toroidal

mirror is inserted; b) depicts the KB-only focusing option and c) represents a compound focusing

system using a secondary source arrangement
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The use of curved reflecting surfaces is a well-established method of creating both horizontal and

vertical focused beams and this type of focusing optics needs no adjustments over a range of photon

energies, for which it is setup in terms of incident angle and mirror coating. There are three options to

consider: a single toroidal mirror which is able to focus the beam both horizontally and vertically with

a single reflection, a KB mirror set where horizontal and vertical focusing is done with two separate

mirrors (two reflections) and a combination of these two types of mirrors (three reflections). Note

that the use of the KB mirror system is optional and only of use if the focal spot size provided by the

toroidal mirror is too large.

In principle, a sagittal focusing monochromator can also be used to focus the beam in the hori-

zontal direction. This solution is not advisable. Such a device is not achromatic and would require

constant adjustments as photon energy is scanned. As such, it is not compatible with a fast scanning

monochromator. It is also adding to the complexity of a monochromator, making it less user friendly.

Toroidal mirrors are convenient from the point of operation. By bending a long toroidal mirror, a

finely focused beam is obtained at the sample position. Small adjustments to the mechanical bender

and/or angle of incidence with the beam allow precise control of the focal spot size at the sample. The

choice for a toroidal mirror fixes the position of the sample and the angle of incidence that should be

used. Use of the toroidal mirror at di↵erent angles than the design angle will lead to defocusing which

could be beneficial if a larger sample area must be probed.

As shown by MacDowell et al. [14] an optical system consisting of a collimating mirror and toroidal

focusing mirror with a 2:1 horizontal demagnification has the benefit of eliminating astigmatic coma.

At SuperXAS, the toroidal mirror is located at a distance of 15.5 m from the source, whereas the

sample position is at about 23 m resulting in a demagnification close to 2:1.

There are several situations where a fixed sample position and the implicit use of horizontal focusing

would be problematic. For example, when dealing with larger, beam-sensitive, or inhomogeneous

samples, a user might prefer to probe a larger area with a larger defocused beam. The requirement for

a fixed sample location can be problematic with larger sample environments or in experiments where

the sample is placed further downstream.

Typically, the meridional curvature (Rm) is large and the sagittal curvature (Rs) is small, as

described by:

Rs = 2 sin↵

 
pq

p+ q

!
(14.1)

Rm =
2q

sin↵
(14.2)

Here p is the source-to-mirror distance and q is the mirror-to-focal-spot distance. For the SuperXAS

beamline layout (q = 7.7 m; ↵ = 3 mrad), Rs = 30.9 mm and Rm = 5.1 km. For ↵ = 2 mrad, these

numbers change to: R2 = 20.6 mm and Rm = 7.66 km. Note that we have assumed that the incoming

beam is perfectly collimated in the vertical direction so that e↵ectively the mirror-to-source distance

(p) is infinite.

For the SuperXAS geometry, the sagittal radius is rather small and will limit the horizontal ac-

ceptance of the optical system as a whole because not the whole diameter can be exposed to the

beam.
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Figure 14.8: Position of focal spot for a toroidal mirror with two cylindrical grooves with radii of Rs =

20 mm and 30 mm, corresponding to the angular range of mirror angles. The nominal sample position

is indicated.

To provide the user with a more flexible arrangement, it is proposed to use the combination of a flat

and toroidal mirrors that has a cross-section with two toroidal central sections (Rh- and Pt-coated)

and three flats, one each to either side and one in the middle, that are coated with di↵erent materials

(Si, Rh, Pt) to allow for a wide energy range with vertical only focusing properties (see Figure 14.9).

Figure 14.9: Cross-section of proposed toroidal mirror (not to scale). Green and red surfaces indicate

di↵erent surface coatings and radii for the two polished cylinders cut into a common substrate. The

substrate is bent using a single mechanical bender to provide the correct meridional radius for vertical

focusing of the x-ray beam. The blue areas, which are about 10 mm wide, could also be coated and

used for applications in which vertical-only focusing su�ces (large horizontal beam).
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By horizontal movement of the mirror blank, one of the two toroids can be selected giving the user

a choice in cut-o↵ energy and focusing conditions. In order to capture most of the vertical extent of

the beam, a mirror of at least 1 m length would be used with a width of 120 mm.

The e↵ective width of the toroidal parts of the mirror is smaller than that of a flat mirror. This

reduction is a consequence of the small radius of curvature of the toroidal mirror. Thus, even though

the mirror at the position of either toroidal part would be wider (as measured in the horizontal

direction) than 20 mm, they will not be able to focus a beam with a horizontal divergence of more

than 1 mrad without incurring losses. Figure 14.10 highlights this issue by showing the footprint of a

1.0⇥ 0.32 mrad2 fan of monochromatic radiation on a mirror of 1 m length set at an incidence angle

of 3 mrad. This particular part of the mirror has a 30 mm sagittal radius cut into its surface. About

3.5% of the generated rays miss the mirror surface. Increasing the horizontal fan size will quickly lead

to larger losses.

Figure 14.10: Top view of a dual toroidal mirror with two coatings, Rh and Pt set at an angle of

3 mrad and exposed by a 1⇥0.32 mrad2 fan of radiation. Ray tracing has indicated rays that undergo

a reflection (green) or that miss the toroidal mirror (blue).

Ray tracing calculations were performed using the new source parameters for SLS 2.0 with a

4 T dipole. Both collimating and toroidal mirrors were given their respective meridional radii to

provide a vertically collimated beam at the monochromator and a vertically focused beam at the

sample position. Similar ray trace calculations were performed for the existing SuperXAS facility

with the existing source parameters as a comparison. In order to mimic a realistic mirror surface,

we generated four di↵erent surfaces with RMS slope errors varying between 0.5 and 1.6 µrad. For

these calculations the complete optical path was used which includes the collimating mirror, a Si(111)
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two-crystal monochromator and a toroidal mirror. From these calculations, it was concluded that the

existing mirrors feature RMS slope errors larger than 1.6 µrad. With this information, we proceeded

to simulate what one can expect by reusing the SuperXAS optics at SLS 2.0. All components are

located at their current positions at SuperXAS.

The RMS profile error of the polished mirrors should follow the Marechal criterion, taking into

account that there are N reflections and that the mirror is exposed at a grazing angle:

�  �

14
p
N2↵

(14.3)

With four reflecting surfaces, a grazing incidence angle of 3 mrad, and a design wavelength of less

than 0.1 nm, the RMS profile error should be smaller than 0.6 nm.

Due to the increase of beam brilliance, the quality of the mirrors used becomes a very important

parameter. Particularly, the size of the vertical focus that can be obtained is a function of the RMS

slope error of the mirror. To preserve the small source size, it is important to study the e↵ect of slope

error on focal spot size. To this end, we have performed ray trace calculations with mirrors of varying

slope error to avoid introducing significant losses in source brilliance. In order to perform realistic

simulations of beamline performance, we have contrasted perfect mirrors with real mirrors that have

roughness and slope errors. To focus the superbend dipole source without significant distortions,

mirror slope errors must be smaller than the angular size of the source or 7 µm/15.5 m = 0.45 µrad.

Unfortunately, this figure is di�cult to achieve for a toroidal mirror of su�cient length. For mirrors

with RMS slope errors of 0.65 µrad, preliminary ray trace calculations with XRT result in a 28⇥46 µm2

(h ⇥ v) FWHM spot size (see Figure 14.10). This calculation was performed for an energy of 12 keV

without VCM inserted into the beamline, thus providing a worst-case scenario.

A set of results obtained for di↵erent mirror surface qualities is given in Table 14.4. From these

results, it is clear that a focal spot size of 30 µm is not easy to achieve.

RMS Slope Error (µrad) Horizontal FWHM (µm) Vertical FWHM (µm)

0.33 22 32

0.5 24 38

0.67 28 46

1.65 90 100

Table 14.4: Ray trace results for the complete beamline, showing the focal spot size at the sample

for mirrors of four di↵erent surface qualities. The calculation was performed for a photon energy of

12 keV accepting a 0.75⇥ 0.125 mrad2 fan of white beam. A↵ordable mirrors typically feature RMS

slope errors above 0.5 µrad RMS.

For ideal focusing conditions, one should be able to perform a 2:1 imaging of the source, which

would mean a focal spot size a factor two smaller than that of the cross-section of the electron beam

distribution in the synchrotron.

The Kirkpatrick-Baez (KB) focusing mirrors are achromatic and are, therefore, ideal for energy-

scanning applications, and can operate over the full beamline energy range using two metal coating
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Figure 14.11: Ray trace calculations (left) for the toroidal mirror in the 2:1 geometry. An RMS slope

error of 1.65 µrad of the mirrors is used in the calculations (mirror surface shown on the right).

stripes, if necessary. Using a relatively large demagnification (as compared to that of the toroidal

mirror), this device allows a significant reduction in focal spot size needed by experiments that require

better resolution, i.e. pump-probe experiments. The device will be fully integrated into the beamline

design and motorized such that it can be remotely inserted into the beam path. The geometry of a

KB mirror produces a finely focused beam, which is both laterally and vertically shifted compared to

the incoming beam path due to the horizontal and vertical reflection of the beam in the device. This

shift, however, will typically be of the order of 10 mm and should be within the range of any sample

positioning equipment.

Separating horizontal and vertical focusing elements using two orthogonally placed mirrors (KB

arrangement) is problematic due to the large horizontal fan of radiation. Typically, the two mirrors

are placed in series making the device longer compared to a single reflection device.

KB mirrors operate with a high demagnification ratio of 100:1 or higher; as a consequence they are

placed close to the sample – typically at a distance of 0.2 to 1 m. For the SuperXAS beamline with

the sample at approximately 23 m from the source, a demagnification ratio of up to 100:1 is possible.

A portable ESRF KB focusing optics (System 1) can collect a (h ⇥ v) 0.2⇥ 0.5 mm2 cross-section of

radiation when operating at 3 mrad angle of incidence.

Due to the short sample-to-KB-mirror distance, this setup would be placed in the experimental

hutch. Because the horizontal size of the beam is larger than the vertical one the horizontal focusing

mirror should be the one closest to the sample allowing a higher demagnification than for the vertical

direction.

Other types of KB mirror systems that feature larger acceptance angles or have the sample closer

to the exit of the mirrors with the aim of increasing photon flux or decreasing spot size could be also
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considered. Whatever system is chosen, it will have to be placed close to the sample and best be

located in the experimental hutch. Large KB systems consisting of mirrors of 500 mm become rather

large and are more di�cult to control with the high precision that is needed to shape the mirrors.

Commercial suppliers of x-ray mirrors list their capability for long mirrors (� 1 m) generally

with RMS slope errors and often also with a roughness parameter. The last decade has seen a

significant reduction in the RMS slope errors due to a research e↵ort in the polishing methods. For

example, slope errors for medium-sized mirrors (600 mm) of 0.1 µrad (J-TEC) or 0.2 µrad (SESO) are

available. Mirrors with these specifications are, however, extremely expensive. Even if such mirrors

were a↵ordable they should not be considered by themselves, but as part of a mirror system that

consists of mirror, its mount and the mechanical bender. Judging from the results listed in Table 14.4,

it seems beneficial to aim for an RMS slope error of 0.6 µrad or better.

Equally important is the quality of the mirror bender. For the collimating mirror, the radius of

curvature is large and adjustment must be made for gravity sagging of the mirror. Fortunately, good

commercial solutions are available.

Figure 14.12: Energy spectra from a Mo/Si multilayer compared with the white beam (and absolute

reflectivity). Radiation stability tests were realized at 11.3 keV with an exposure time of 8 hours and

are shown within the upper inset figure. The di↵erent curves correspond to di↵erent, horizontally

perpendicular translated to the incident x-ray beam, positions on the Mo/Si multilayer.

Finally, for new applications, such as pump-probe non-resonant XES, we need to work with large

energy bandwidths. For this purpose both mirrors are put at 4.5 mrad so that the monochromator

is bypassed (Figure 14.12). This can produce a significant heat load on the toroidal mirror, which is
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presently not cooled. Calculations are currently being performed by the optics group to check if the

mirror can withstand such operation on a routine basis, or if the mirror needs to be upgraded to a

water-cooled mirror. Multilayer operation (located in the experimental hutch after both mirrors) is

possible using a Mo/Si multilayer (developed by the Immanuel Kant Baltic Federal University). First

tests on bandwidth (4%) and reflectivity are shown above. Stability tests were also performed over

an 8 hour period (Figure 14.12 inset).

14.5 Endstation

Experiments at the SuperXAS beamline can be relatively short (sometimes a day or less), which

means that the experimental hutch should support quick changeover between experiments so that a

minimum amount of time is lost preparing the beamline for new users. With beamline alignment

and beam energy changes quick and smooth, the hutch layout should allow for co-existence of two or

more measurement setups. This approach could be combined with one in which several setups are

in parallel sitting on a common slide. Any switchover would, therefore, be quick by removing the

need for lengthy re-alignment cycles. Particularly in the case of experiments that use complex post-

focusing and detector setups this approach using two large platforms will provide significant gains.

Flexible sample positioning and the integration of a variety of sample environments (cryostats, ovens,

gas cells, etc.) has already been addressed in the existing SuperXAS setup. Basic requirements for

the experiments hutch are:

• Lifting tables

• X-ray optics (e.g. harmonics-rejecting mirror system and/or KB)

• Three ionisation chambers, gas system, HV supplies and programmable low-noise amplifiers

• Gas infrastructure for reactive and toxic gases. Mass spectrometry, micro gas chromatography

for gas analysis

• State-of-the-art fluorescence detectors and electronics

• He-cryostat and LN2 cryostream

• High-precision sample stages

• Optical spectroscopy (confocal Raman system, IR, visible)

• Crane (500 kg)

The key detectors for EXAFS and quick EXAFS are a set of three ionization chambers with

characteristics that permit one to collect spectra quickly and with a minimum of noise. The current

set of gridded ion chambers from Ionitech GmbH (ionitech.de) feature a response time below 10 µs

and can easily be filled with a gas mixture/pressure to suit optimal behavior for a transmission x-ray

spectroscopy experiment.

For fluorescence-mode spectroscopy measurements, a 5-element silicon drift detector and a silicon

drift detector with a 1 mm thick sensor are available. It would be advantageous to add a multi-element

germanium detector, which would replace the existing silicon drift detector for photon energies above

15 keV where silicon becomes transparent. Multi-element germanium fluorescence detectors from

Mirion, for example, allow experimenters to improve signal-to-noise ratios by collecting fluorescence

radiation over a larger solid angle. Such a detector should be combined with the latest generation

of read-out systems capable of capturing high event rates. Currently a six-channel FalconX readout
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is available. Integrating these photon-counting systems within the quick EXAFS (QEXAFS) data

acquisition will require an extension of the current data acquisition system. Improved low-energy

germanium-detector systems combines electric cooling with up to 18 discrete sensors that feature a

much improved energy resolution at significant count rates for a range of energies starting at 3 keV.

These systems operate without LN2 cooling, which brings benefits in terms of maintenance and in-

frastructure.

Performing total scattering experiments complementary to XAS and XES will require a 2D detector

featuring small pixels and an excellent signal-to-noise ratio capable of detecting photons at high photon

energies. Hybrid photon counters such the EIGER family equipped with a CdTe sensing layer would

be a good choice.

The beamline is currently equipped with wavelength dispersive setups either in von Hamos (3 crystal

setup with a 25 cm diameter Rowland circle) or Johann geometries (5 crystal setup with a 1 m diameter

Rowland circle) combined with a Pilatus 100k or Mythen strip detector. This allows one to measure

non-resonant XES spectra, including valence to core (using the Johann spectrometer) and resonant

XES (RXES or alternatively called hard x-ray RIXS) time resolved using the von Hamos spectrometer.

For sulphur XES experiments, a dedicated vacuum von Hamos spectrometer (15 cm diameter Rowland

circle) with a CCD camera and reactor cell that allows one to pass reactive gases and heat the sample is

available. Non-resonant experiment sulphur XES measurements can be performed, where the sample

is excited at 6.9 keV (the third harmonic of the S K-alpha emission line) that gets reflected by the

Si(111) crystal.

14.5.1 XES spectrometers post upgrade

To enhance the sensitivity of x-ray spectroscopic methods to small spectral changes, we plan to develop

a full-cylinder von Hamos type x-ray emission spectrometer (Figure 14.13). The e�ciency of the new

spectrometer will be 15 times higher compared to the current spectrometer at SuperXAS, due to the

design of full-cylinder analyzer crystals covering a larger solid angle. With this configuration and

profiting from the smaller x-ray spot size on the sample (30⇥ 30 µm2 achievable at SLS 2.0 using KB

optics compared to 100⇥ 100 µm2 currently) the energy resolution of the x-ray emission spectrometer

will remain better than 1 eV.

Furthermore, with the financial support of PSD investments and SNF we have developed and

commissioned a spectrometer in the DuMond geometry that allows XES studies in the 15 to 30 keV

range. This spectrometer will profit from the smaller spot size achievable at SLS 2.0 and the higher

flux from a 5 T superbend.

14.5.2 QuickRIXS post upgrade

QuickRIXS with millisecond time resolution will be developed to obtain a complete picture of the

electronic structure of the element of interest during a reaction. RIXS requires the measurement

of the fluorescence intensity as a function of the incident and emitted energies. At SLS 2.0, we

aim to combine our unique quickXAS monochromator with a new e�cient energy-dispersive XES

spectrometer (Figure 14.13) and with the newest generation of 2D single-photon-counting detectors

with fast readout (currently we are in the process of commissioning a TimePIX detector).
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Figure 14.13: Scheme of pump-probe XES setup including multilayer monochromator, full-cylinder

x-ray emission spectrometer and 2D detector with fast (event based) readout.

14.5.3 Lasers and laser infrastructure post upgrade

The smaller horizontal source size at SLS 2.0 will allow better focusing of x-rays (down to 30⇥30 µm2)

by using a KB mirror system and, therefore, the laser beam size (which has to be larger than the x-

ray beam size for pump-probe studies) can also be significantly reduced. This will enable laser pump-

x-ray probe experiments in the ns time range using lasers with higher repetition rate (1 MHz), which

will increase the e�ciency of pump-probe experiments in the nanosecond time range by a factor 10.

The technology for wavelength tuning for high-power, high-repetition-rate lasers is developing rapidly

and we expect the availability of such a commercially available flexible laser by the time of the SLS 2.0

upgrade. In particular it would be desirable to have a laser system that can operate with an output

power of approximately 5 W with a repetition rate of 50 - 500 kHz and wavelength range between 250 -

2500 nm. Currently, at SuperXAS we have such output power only at certain wavelengths (harmonics

of the laser fundamental wavelength, which we presently use) and after optical parametric amplifier

(OPA), providing the wavelength tunability, the power is low, of the order of 10 mW. Taking into

account the limited e�ciency of optical parametric amplifiers, a high-power high-repetition-rate pump

laser for OPA will be needed. Thin disk laser technology is a promising recent development in this

direction [15]. All laser infrastructure (including climate controlled laser hutch) is already available

at the SuperXAS beamline.

Furthermore, this new laser will be used to develop new reaction triggering schemes. In order to

obtain insights into the structure of catalytically active sites and reaction intermediates, the active

site needs to be triggered with a certain modulation frequency so that the response of the catalytic

system can be filtered out from spectator species by the excitation frequency. This is currently only

done for solid catalysts using repeated gas pulses. However, gas pulses cannot be performed faster

than in 1 Hz, making studies of sub-second processes inaccessible. With the newest generation of

laser sources, we envision that triggering of nonphotocatalytic reactions becomes possible by lasers,



238 OPERANDO X-RAY SPECTROSCOPY/SCATTERING CHEMISTRY BEAMLINE

either by initiating fast temperature jumps (tens of degrees), pH jumps (produced by photo-acids), or

concentration jumps (released by caged compounds) relevant for the studied reaction. Corresponding

reaction steps typically occur in the µs to ms time scale. Therefore, kHz lasers with IR radiation (for

temperature jumps), UV radiation (for photo-acids and caged compounds), and even THz radiation

might be used as better alternatives to study faster reaction steps.

14.6 IT requirements

The most demanding experiments from the point of view of IT requirements will be time-resolved

measurements using the TimePix3 detector. For these experiments the detector is running in an

event-driven mode, streaming the data (arrival time, coordinates and energy) about each photon that

hits the detector. Therefore, the data rate will strongly depend on the count rate and can be as high

as 7 GByte/s. Taking into account that on average the data rate will not be maximal, this type

of experiment can still generate 100 TByte/day and we expect such investigations will be running a

few weeks per semester. We plan to reduce the amount of data that have to be saved by a factor of

100 or more implementing on-the-fly processing of data. This will include binning (to extract time

dependence), azimuthal integration (to extract energy-dependence), and clustering (to use events

induced by one photon but observed at a few pixels). All these algorithms are not very demanding for

CPU time and challenges from an IT perspective are related mostly to the high bandwidth of input

data. Therefore a solution based on small server at the beamline for on the fly processing of data

which will reduce the amount of data for centralized storage and simultaneously give the feedback to

the users about the running experiment will be developed.

For the majority of user experiments, QEXAFS is the standard mode of operation. In such cases, we

currently produce data at approximately 200 GByte/day at maximum throughput. With the upgrade

of the monochromator system at the SuperXAS beamline we expect this figure to quadruple due to

an increased angular resolution of the monochromator crystals and including on-the-fly calculation

of statistical information. However, the size of the data produced is highly dependent on the energy

at which QEXAFS data is being collected. Higher energies involve a smaller oscillation angle of the

monochromator crystals and as such lead to vastly reduced data sizes. in an average user operation, we

expect to produce approximately 30 TByte/annum. Considering the storage of user data we expect to

need in the region of a total of 200 TByte of storage space to meet long-term data storage requirements.

14.7 Timeline

Preferred start date (commissioning, pilot users):

Due to its unique portfolio of time-resolved and energy-resolved methods, the SuperXAS beamline

is a partner in several large Swiss and international initiatives (including the NCCR Sustainable

Chemical Processes Through Catalysis, which is currently at the final stage of evaluation, and the

Catalysis Hub). A shutdown significantly longer than the SLS 2.0 ring upgrade will be critical for

these collaborative projects strongly counting on the availability of the SuperXAS beamline. We

understand the di�culty of including several superbends in the SLS 2.0 lattice simultaneously, but
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trust SLS management is doing all it can to ensure that all superbends deliver beam within 3 months

after the ring upgrade. About half of the science and research output of the beamline is done with

x-rays in the 15 to 30 keV range. This will not be possible with a normal bend at PSI.

The SuperXAS beamline at SLS was commissioned in two months; we do not envision longer

commissioning at SLS 2.0. Our project plan suggests that the complete upgrade is possible within six

months (depending on the availability of the crane).
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Figure 14.14: Timeline of the development plan for SuperXAS II with the upgrade of SLS
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14.7.1 Manpower timeline

Figure 14.15: Timeline of expected manpower requirements
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14.8 Concluding remarks

The presented beamline layout for both the SuperXAS II beamline and the envisioned new high-

throughput XAS and scattering beamline, consists of a well-proven concept in which focusing elements

are separated from elements that select photon energy. Through the use of a collimating mirror and

selected filter materials, the full source spectrum can be restricted such that the monochromator heat

load is minimized. The proposed design makes the best use of the energy range and expected photon

flux available at a variable superbend source 2.8 to 5 T) at SLS 2.0 and is tailored for giving users a

wider range of photon energies at higher photon energies with a flexible approach to focusing such that

it is easy to go from large to micro-focused beam size. As such, the proposed upgrade to SuperXAS

II has the same layout as its predecessor, such that the existing infrastructure can be used with little

change.

Ray trace studies have highlighted the requirement for sub-microradian slope errors for collimating

and focusing mirrors, if focal spot sizes are to be obtained comparable to the requirement of 30 ⇥
30 µm2. Also, mirror bending mechanisms and gravity compensating mirror mounts are important

in order to maintain source brilliance. The existing mirrors have large slope errors and should be

repolished/recoated. Furthermore, the front-end mirror tank needs to be replaced by a smaller tank

such that it will fit in the ring tunnel after the SLS 2.0 upgrade. Therefore the optics group will take

the lead in the design of a new front-end mirror, which is also essential for the PXIII beamline (and

the new high-throughput Debye beamline) post SLS 2.0 upgrade. Finally, by changing the cylindrical

approximation of the parabolic/ellipsoidal shape of the toroidal mirror to a true parabolic/ellipsoidal

shape would further reduce artefacts on the focal spot. By also replacing the current focusing toroidal

mirror in the optics hutch by a new toroidal mirror with a true ellipsoidal shape as well as several

coated flats around the two toroids would allow one to work both with large defocused beams (needed

for radiation-sensitive samples) as well as tightly focused beams. An additional KB system is still

needed in the experimental hutch to reach a spot size of 30⇥ 30 µm2 for pump-probe applications.

With the upgrade of the QEXAFS monochromator to a continuously scanning 4-bounce, liquid-

nitrogen cooled mono, the thermal bump with a maximum slope error of approximately 10 µrad on

the monochromator crystal will be removed, which helps the focusing of the beam and throughput.

Furthermore, the fixed-exit, which is now guaranteed by the 4-bounce monochromator, is essential for

pump-probe experiments and allows the development of a full-circle XES spectrometer, which has an

increased solid angle by a factor of 15 without any loss of energy resolution. This spectrometer will

be essential for pump-probe XES as well as quickRIXS experiments.

Finally, the similarity of the proposed beamline concept with the existing SuperXAS beamline will

allow the reuse of the current hutches and many components such as slits, vacuum vessels, support

structures and vacuum pumps.
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[6] J. Szlachetko, M. Nachtegaal, J. Sá, J. C. Dousse, J. Hoszowska, E. Kleymenov, M. Janousch,

O. V. Safonova, C. König, and J. A. Van Bokhoven. High energy resolution o↵-resonant spec-

troscopy at sub-second time resolution: (Pt(acac) 2) decomposition. Chemical Communications,

48(88):10898–10900, 2012.

[7] T. Tanaka and H. Kitamura. SPECTRA: A synchrotron radiation calculation code. Journal of

Synchrotron Radiation, 8(6):1221–1228, 2001.

[8] K. Klementiev and R. Chernikov. Powerful scriptable ray tracing package xrt. In Manuel Sanchez

del Rio and Oleg Chubar, editors, Advances in Computational Methods for X-Ray Optics III,

volume 9209, page 92090A, 2014.

[9] J. W. M. DuMond. Theory of the use of more than two successive x-ray crystal reflections to

obtain increased resolving power. Physical Review, 52(8):872–883, 1937.

–243–



244 BIBLIOGRAPHY

[10] M. Krumrey. Design of a four-crystal monochromator beamline for radiometry at BESSY II.

Journal of Synchrotron Radiation, 5(1):6–9, 1998.

[11] W. J. Bartels. Characterization of thin layers on perfect crystals with a multipurpose high

resolution X-ray di↵ractometer. In Journal of Vacuum Science and Technology B: Microelectronics

and Nanometer Structures, volume 1, pages 338–345, 1982.

[12] M. Servidori. X-ray monochromator combining high resolution with high intensity. Journal of

Applied Crystallography, 35(1):41–48, 2002.

[13] S. M. Heald. Focusing X-ray monochromator for EXAFS studies in the energy range 4-30 keV.

Nuclear Instruments and Methods In Physics Research, 222(1-2):160–163, 1984.

[14] A. A. MacDowell, R. S. Celestre, M. Howells, W. McKinney, J. Krupnick, D. Cambie, E. E.

Domning, R. M. Duarte, N. Kelez, D. W. Plate, C. W. Cork, T. N. Earnest, J. Dickert, G. Meigs,

C. Ralston, J. M. Holton, T. Alber, J. M. Berger, D. A. Agard, and H. A. Padmore. Suite of

three protein crystallography beamlines with single superconducting bend magnet as the source.

Journal of Synchrotron Radiation, 11(6):447–455, 2004.

[15] Ultrafast Laser Physics, ETHZ. Thin Disk Lasers, https://ulp.ethz.ch/research/thin-disk-laser-

tdl.html, Accessed [27-Feb-2020], 2020.



Chapter 15

Macromolecular Crystallography
Beamlines

John Beale, Dominik Buntschu, Florian Dworkowski, Sylvain En-
gilberge, Wayne Glettig, Chia-Ying Huang, Jakub Kaminski, Filip
Leonarski, Isabelle Martiel, Katherine McAuley, Nathalie Meier, Vin-
cent Olieric, Ezequiel Panepucci, Anuschka Pauluhn, Sonia Reber,
Roman Schneider, May Sharpe, Takashi Tomizaki, Justyna Wojdyla,
David Just, Benedikt Roesner, and Meitian Wang

In a nutshell

Third-generation synchrotron facilities have been a major driving force in the development

of macromolecular crystallography (MX) in the past two decades. The SLS 2.0 upgrade to a

fourth-generation facility provides unprecedented opportunities for MX – complete data sets

in one-second exposures; high-quality x-ray di↵raction from a single micron-sized crystal; de

novo structure determination of native protein; time-resolved crystallography down to mi-

crosecond resolution. To realize this fully, we envisage a paradigm shift in the development

and user operation of MX beamlines, where self-driven MX beamlines, powered by intelli-

gent beamline devices, kHz frame-rate x-ray detectors, and hardware-assisted real-time data

analysis, will enable autonomous data collection for routine and advanced MX applications.

We propose a comprehensive upgrade of three MX beamlines to increase flux density by

factors of 103 and 102 at undulator beamlines (PXI, PXII) and superbend beamline (PXIII),

respectively. The high flux-density is essential for improving beamline throughput further

and eliminates the need to grow large crystals. Also, the energy range and bandwidth of

x-rays will be extended. The lower energy x-rays (3-5 keV) help solve the crystallographic

phase problem, one remaining hurdle in MX; the higher energy x-rays (25-30 keV) allow

even submicron-sized crystals to be studied. A data-driven approach will be developed to

integrate beamline control system, experiment, and data analysis. The three beamlines

are complementary; collectively they provide a wide range of MX methods to deliver high-

resolution 3D structure and associated dynamics to biology user communities.

–245–
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15.1 Overview

15.1.1 Trends in macromolecular crystallography

Macromolecular crystallography (MX) at third-generation synchrotron light sources has been the

dominant method for high-resolution structure determination for the last two decades. Collectively,

30 synchrotron facilities worldwide have produced 120 000 x-ray structures. Since the completion

of X06SA-PXI in 2001 at the Swiss Light Source (SLS) [1], the MX group at PSI has been at the

forefront of both MX hardware and software development. Of the ten most productive beamlines in the

world [2], X06SA-PXI was the first European beamline to reach 2 000 depositions in the Protein Data

Bank (http://biosync.sbkb.org). Built in 2004, X10SA-PXII was the first micro-focus beamline

dedicated for proprietary and drug-discovery research and also features a unique on-axis in crystallo

spectroscopy setup [3]. The superbend magnet beamline X06DA-PXIII, built in 2007, was designed

with a strong focus on automation and stability, which better allowed for in situ di↵raction screening [4]

and experimental phasing experiments, particularly native-SAD [5]. More importantly, the MX group

at SLS has pioneered over the years some key technologies now in place at modern MX beamlines, such

as adaptive micro-focusing optics [6], hybrid pixel-array x-ray detectors [7,8], multi-axis goniometry [9],

in-situ di↵raction screening [10], as well as fast di↵raction scanning [11] with real-time analysis [5,12]

for serial crystallography experiments [13].

The dominant position of MX within the field of structural biology has now begun to be chal-

lenged by the tremendous technical advances of cryo-electron microscopy (cryo-EM) [14]. How-

ever, while some targets, such as large molecular complexes and poor expressing membranes pro-

teins are perhaps better address by cryo-EM, MX remains the method of choice for high-resolution

and high-throughput applications. MX uniquely allows for the atomic details of protein-protein

interactions to be probed or the ligand-space of a potential drug binding site to be investigated,

in a relatively simple and time e�cient experiment which cryo-EM currently cannot match [15].

One prominent example is COVID-19 related research - hundreds of high-resolution x-ray structures

of viral enzymes and their complexes with potential drug-like molecules have been determined at

synchrotron MX beamlines within six months (https://www.rcsb.org/news?year=2020&article=

5e74d55d2d410731e9944f52&feature=true). Although MX is a mature and well established field, its

capability keeps expanding at an increasing pace thanks to continued developments in micro-focusing

capability [16], hybrid pixel-array detectors [17], and novel sample delivery methods [18]. These de-

velopments have enabled many emerging methods in the last five years, see Figure 15.1.

These methods include the implementation of automated pipelines at synchrotrons to expedite

large-scale fragment screening campaigns to explore the chemical space for biomolecular binding [19],

methods to collect from weakly di↵racting microcrystals at both 100 K and room-temperature [20–22],

and time-resolved crystallography to study protein dynamics in the milli- to micro-second time scale

[23, 24]. In addition, low-energy MX has the potential to fully exploit the anomalous scattering of

lighter elements which not only facilitates de novo structure determination, but also enables the

http://biosync.sbkb.org
https://www.rcsb.org/news?year=2020&article=5e74d55d2d410731e9944f52&feature=true
https://www.rcsb.org/news?year=2020&article=5e74d55d2d410731e9944f52&feature=true
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Figure 15.1: Emerging MX applications. High-throughput exploration of the “chemical space” inside

bio-structures (top-left); structural determination from micron-sized crystals with serial approaches

(top-right); “phase problem” problem solution and resolving bio-ions with low-energy MX (bottom-

left); and probing protein dynamics at biologically relevant time-scales (bottom-right).

functional identification of biological ions such as Cl, K+, Ca2+, and potentially Mg2+ and Na+ as

well [5, 25, 26]. Such developments also hold unique opportunities in reaching a new and potentially

broader user communities in biology and chemistry.

The arrival of fourth-generation synchrotrons like the SLS 2.0 [27] is an unprecedented opportunity

to push the frontiers of MX still further in the coming decades [28]. A routine experiment can be

carried out in seconds instead of minutes or hours previously required [29]. It is now possible to realise

the theoretical limit of data collection from micron sized crystals [5,30], and protein dynamics can be

studied at micro-second time resolution (Figure 15.1). Advances in serial crystallography also hold

the prospect of matching the e�ciency of traditional cryo-data collection from large crystals but at

more physiological temperatures. All of these exciting opportunities will add stringent demands in
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both upstream and downstream data collection processes. For example, on-site sample preparation

during beamtime is indispensable for experiments utilizing room temperature samples, which includes

samples used for time-resolved experiments [31]. These experiments currently require a close to real-

time interplay between sample preparation, data collection and analysis and produce large volumes of

data. Therefore, to ensure the continued success of experiments like this in the future, a dedicated IT

infrastructure with innovative and sustainable solutions will be essential for receiving and analyzing

large amounts of di↵raction data and providing real-time feedback to those preparing samples. In

what follows, we will present:

1. our concept of the next generation MX beamlines;

2. the main design principles for MX beamlines at SLS 2.0;

3. the implementation ideas and practical considerations for each of three beamlines;

4. challenges and opportunities in MX data science;

5. development of sample preparation laboratory.

15.1.2 Uniqueness compared to present and planned other BLs worldwide

X06SA-PXI At present, the capacity and performance of X06SA are hardly surpassed by any MX

beamline worldwide. However, future beamlines at DLS, MAX IV, ESRF-EBS, and APS-U plan one-

micron or half-micron beams with an extended energy range of 25 keV to 35 keV and wider bandwidth

(Table 15.1). Most of them are exclusively designed for microfocusing applications with a maximum

beam size of 10 microns. The proposed X06SA upgrade o↵ers a wider range of beam size (1 µm to

50 µm) with an extended energy range [4 keV to 18(30) keV] and variable bandwidths. We will exploit

advanced detector technologies (e.g., JUNGFRAU) and emerging sample delivery methods as well.

We believe that the X06SA upgrade will address the foreseeable needs in MX applications and provide

a comprehensive environment for its evolution.

X10SA-PXII X10SA is a unique beamline in the macromolecular crystallography community. The

only comparable beamline is IMCA-CAT at the APS. Both beamlines cater predominantly for pharma-

ceutical companies and have strong financial commitment from industrial partners (Table 15.2). They

both focus on high-throughput crystallography experiments for drug discovery, while keeping micro-

focusing capability and a flexible setup. Their productivities are among the best in the MX beamline

world. The X10SA upgrade will make it to the top league of MX beamlines while maintaining its

leading industry beamline position.

X06DA-PXIII X06DA is one of the two most productive bending-magnet MX beamlines in the

world. For low-energy crystallography, there are two beamlines in operation dedicated to experiments

at energies < 6 keV, namely I23 at Diamond Light Source, United Kingdom and BL-1A at the Photon

Factory, KEK, Japan (Table 15.3). The X06DA upgrade will make low-energy MX routine, while

keeping high performance for standard MX.
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Beamline Energy
[keV]

Bandwidth Beam
size
[µm]

Flux
[ph s�1]

Operation
status

PDB entries
(Dec. 19)

X06SA SLS 5.7 - 18 10�4, mono 5 - 100
(1 - 2)

2⇥1012

(2⇥1011)
2001
(2015)

2766

X06SA SLS 2.0 3 - 30 10�4, mono
10�2, pink

1 - 50
1 - 50

1013

1015
in design

I24 DLS 6.4 - 20 10�4, mono 7 - 50 3⇥1012 2009 803

VMXm DLS 7 - 25 10�4, mono 0.5 - 10 1⇥1012 Commis.

P14 PETRAIII 6 - 20 10�4, mono 5 - 300 5⇥1012 2011 266

ID29 ESRF 6 - 20 10�4, mono 60⇥30
(10⇥10)

5⇥1012

(1⇥1011)
2000 2541

EBSL8
ESRF-EBS

10-20(30) 10�3, ML
10�2, pink

0.5 - 10
0.5 - 10

1014

1016
in design

MicroMAX
MAX IV

5 - 30 10�4, mono
10�2, pink

1 - 10 1013

1015
in design

GA/CA APS 5 - 20 10�4, mono 25 - 70
(5 - 5)

3⇥1012

(2⇥1011)
2005 1350

17ID2 NSLS-II 5 - 30 10�4, mono 1 - 10 3⇥1012 2017 40

BL32XU
SPring-8

8.5 - 20 10�4, mono 1 - 10 2⇥1012 2011 187

Table 15.1: Comparison of MX micro-focusing beamlines worldwide.

Beamline Energy
[keV]

Bandwidth Beam size
[µm]

Flux
[ph s�1]

Operation
status

PDB en-
tries
(Dec. 19)

X10SA SLS 5.7 - 20 10�4, mono 20 - 70
(2 - 7)

2⇥1012

5⇥1010
2004
2017

2392

X10SA SLS 2.0 5.0 - 30 10�4, mono
(10�2, pink)

1 - 50 1⇥1013 in design -

IMCA-CAT
APS

6.0 - 20 10�4, mono 70⇥30 8⇥1011 1997 1887

Table 15.2: Comparison of MX industry beamlines worldwide.
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Beamline Energy
[keV]

Beam
size
[µm]

Flux
[ph s�1]

Detector Environ. Operation
status

PDB en-
tries
(Dec. 19)

X06DA SLS 5 - 17.5 90⇥45 4⇥1011 P2M-F Air 2009 1545

X06DA
SLS 2.0

3 - 18 10 - 100 2⇥1012 JF10M Helium in design -

BL8.3.1 ALS 5 - 17 60 - 80 1⇥1012 P6M Air 2002 1565

I23 DLS 2 - 10 100 - P12M Vacuum 2015 15

BL-1A
PF KEK

3.7 - 12.8 13 - 50 1⇥1012 2⇥Eiger4M Helium 2011 206

Table 15.3: Comparison of superbend beamlines and low-energy phasing beamlines.

15.1.3 Impact of SLS 2.0 on the MX beamlines

A 10⇥ greater flux from the SLS 2.0 upgrade, will deliver an unprecedented rise in throughput for

conventional MX experiments at X06SA and X10SA, enabling e↵ective probing of chemical space for

both mechanistic study and fragment-based drug discovery. In addition, the beamlines will benefit

from the improved horizontal emittance. The lower emittance enables the beam to be focused down

to 1 µm while maintaining an acceptable divergence (<2 mrad) for MX experiments. The increased

brilliance of SLS 2.0 will equate to an increase in flux to > 1013 ph/s, in a 1⇥ 1 µm spot, which will

then have 100⇥ higher flux density than is current achieved (1011 ph/s in a 1⇥1 µm beam at X06SA).

Such parameters are highly competitive for micro-focusing MX see Table 15.1). Furthermore, we

expect that advanced beamline technology will foster room-temperature measurements to access the

dynamic dimension of MX.

For X06DA, which will utilise a warm 2-T superbend, the reduced source size and improved hori-

zontal emittance will have a significant e↵ect on the resulting beam size at the sample. The current

beam size is ⇠ 90⇥45 µm (FWHM), but after the upgrade, this could decrease to ⇠ 15⇥10 µm beam

with a flux of 2⇥ 1012 ph/s. As a result, X06DA will be the first high-flux micro-beam bending MX

beamline with a performance that is comparable to current undulator beamlines.

15.1.4 Impact of SLS 2.0 and beamline upgrades for the MX community

While the SLS 2.0 machine upgrade will benefit the MX beamlines by enabling higher flux densities and

a greater energy range across all three beamlines and in turn decrease experiment times and increase

throughput, this is not the only important consideration for the MX community. It is essential that

the suite of beamlines can meet all the di↵erent needs of macromolecular crystallographers in the near

future and in the coming years. For this reason, each beamline will have a di↵erent capability profile

but together they will allow MX users to carry out a wide range of experiments at SLS 2.0: from

standard cryocrystallography experiments, still essential to many research groups and pharmaceutical
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companies; through to room-temperature, serial crystallography experiments; phasing experiments at

low energy; and drug discovery via fragment-based screening approaches.

These capabilities will satisfy the needs of the existing industrial and academic SLS MX user com-

munity. But there is an opportunity to expand the community to include laboratories that currently

do not use MX beamlines due to a lack of crystallographic expertise. Autonomous data collection on

highly-reliable beamlines, combined with auto-processing and automated data analysis, will make the

crystallographic experiment accessible to the non-expert. Automation of the data collection process

also allows the beamlines to operate with much higher e�ciency for standard cryocrystallography ex-

periments. Consequently, more time is available to schedule non-standard experiments, thus attracting

new users and projects to the beamlines.

15.2 Development of the next generation MX beamline

During the active beamline development at 3rd generation synchrotron facilities in the last two decades,

tremendous improvements have been made in each of the principal components of a beamline: the x-ray

optics, the beamline control systems, data acquisition systems, and data analysis [32]. Each component

of this pipeline to a large extent has been designed and developed in a modular and sequential way

as illustrated in Figure 15.2. These tools have also been optimised with an underlying assumption:

that the beamline will be operated and experiment will be carried out primarily by a human being.

It is the user’s responsibility to supervise the whole experiment and to make appropriate decisions

in the complex environment of beamline. However, this approach, on the eve of the development

of the 4th generation synchrotrons, needs to be re-examined. Technological improvements such as,

shorter data acquisition times, real-time monitoring and adjustment of the beamline, automated data

collection and processing, and subsequent structure determination have pushed the automation of the

experiment such that the user’s decision making ability is now the rate-limiting step of the process.

Given the shortening of crystallography user beamtime and the ever widening scope of the technique

to people with little or no crystallographic experience, these improvements in beamline technology

have all added increasing pressure on the user. The MX beamlines of the future must aim to reduce

this burden on the user and develop methods that allow all aspects of the experiment to be fully

automated, but still retaining the ability to perform specialised experiments. The SLS 2.0 upgrade

presents an ideal opportunity for the MX beamlines at the SLS. Firstly, to shift from the divide-and-

rule paradigm of the 3rd generation synchrotrons to a more integrated approach, and to move towards

fully automated data collection and analysis.

This vision presents a significant challenge to the MX group amd beamline developer in general.

To overcome these hurdles, we aim to exploit modern engineering and computing technologies in the

upgraded beamline design for SLS 2.0. To date, x-ray tracing of beamline optics [33], simulated

di↵raction [34–36], and structure solution propensity [37–39], have been studied separately. However,

an approach that based on the internet of things (IoT) ideology with intelligent devices and utilises

machine learning (ML) technologies could start to integrate all aspect of an MX experiment. Specifi-

cally, metadata from each component of the beamline could start to be collected and analysed by ML

for their influence upon the data acquisition process. Correlations between the results of the experi-

ment and the device metadata could be utilised to build a complete simulation of the experiment from
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source to di↵raction spot. Such a system will allow us to identify the critical beam parameters (e.g.

flux, size, divergence, profile, energy, energy bandwidth) and the dominating experimental errors (e.g.

beam stability, goniometer precision, detector noise, crystal imperfection, background scattering) for

the entire beamline and experiment. These data can then by combined with the knowledge of the

sample that is already available such that appropriate data collection strategies can be advised to

meet the requirement of each experiment in an automated or specific manner, e.g. a single crystal

dataset, a multi-orientation dataset, or a serial dataset. Embedded in an innovative environment at

PSI where development requiring high complexity is well supported, the MX group is in a unique po-

sition to develop such enabling technologies for self-driving beamlines and self-learning experiments.

Such developments will keep our competitive edge over other facilities and make a far-reaching impact

on MX.

Figure 15.2: The main components and their interactions in the next generation MX beamline.
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15.3 Design principles of MX beamline upgrades for SLS 2.0

15.3.1 Source

The upgrade of the three MX beamlines is envisioned to realise the full potential of emerging MX

methods by capitalising the unique source properties from the SLS 2.0. One challenge is how to

translate the improvement in source brilliance (Figure 2.2) to beamline performance e↵ectively. The

small circumference of the SLS ring is challenging for machine design, but it does allow us to build

short beamlines (< 30 m), where the first optics element can be positioned close to the source to collect

the full radiation cone from the undulators and to increase the acceptance from bending magnets. The

reduced source size and divergence allow bringing the full flux into a one-micron focused spot with

low divergence at the sample position for an undulator beamline. At a bending magnet beamline, a

micro-beam of 10-micron with acceptable beam divergence can be achieved with a moderate focusing

(Figure 15.3).

Figure 15.3: The expected improvement in beam size and divergence of MX beamlines at SLS 2.0.

15.3.2 Beam delivery, diagnostics, control, and experiment

To have full control of the x-ray beam to micrometre precision at the sample position, a comprehensive

diagnostics and beam feedback system from the electron beam in the SLS 2.0 storage ring to the photon

beam at the beamline is mandatory. Firstly, we plan to have x-ray beam position monitors (XBPMs)

for both white beam and mono/pink-beam [40]. They will be positioned before and after each major

optical element to track both the spatial and angular beam movement to micron-precision at 100 Hz.

In addition to the beam position, the beam profile will be recorded by either x-ray cameras or beam
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profile monitors. Secondly, all devices should have absolute encoders and additional sensors. Extra

computing should be embedded into devices and sensors via system on chip or system on module to

allow self-calibration, data preprocessing and potentially device-to-device communication to reduce

latency. Thirdly, we would like to exploit the Big Data and machine learning methodologies to

integrate and jointly analyse data collected throughout the beamline to assist in autonomous beam

alignment and optimisation, to detect anomalies in hardware performance, and to monitor device

health for preventive maintenance.

On top of the precise and real-time control system, we plan to build two intelligent systems - smart

digital beamline scientist (SDB) and smart digital user (SDU) to assist bemaline sta↵ and beamline

user, respectively. The SDB will integrate hardware monitoring, anomalies detection, real-time feed-

back, and beamline setup and control to ensure best beamline performance for user’s experiment,

which is in turn operated by SDU for fully automated data collection and analysis (Figure 15.4).

Figure 15.4: Illustration of intelligent systems for beamline control and user operation.

15.3.3 Energy range and energy resolution (bandwidth)

The majority of MX beamlines at third-generation synchrotron facilities have been designed to have an

energy range of between 6 keV and 18 keV. This range covers the absorption edges of heavy elements

commonly used for experimental phasing. Recently, there are compelling new scientific applications

that could benefit from the access of both lower and higher energies. For example, de novo structure

determination by experimental phasing with naturally present light elements could become routine at

3 keV to 5 keV; at the other end of the energy range, radiation damage could be mitigated e↵ectively
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from micron-sized crystals at 25 keV to 30 keV. Therefore, the design of monochromators for the next

generation of beamlines should cover 3 keV to 30 keV.

MX data collection by rotation methods with monochromatic beam have been well established

over nearly a century [41]. By moving reflections through the thin surface of the Ewald sphere, the

reflections are measured precisely and reciprocal space can be sampled completely. The high energy

resolution (10�4) of Si(111) monochromators with low beam divergence at synchrotrons is required

for multi-wavelength anomalous di↵raction (MAD) phasing because the peak and inflection points

are only a few electronvolts apart [42]. However, for the vast majority of the MX experiments, an

energy resolution of 10�3 would be su�cient. We have simulated standard MX experiments with

both Bragg reflections and background scattering at various bandwidths and found that the impact

on the overall data quality is negligible with bandwidths up to 10�3. The 10⇥ larger bandwidth

will broaden the Ewald sphere to match the angular width of the di↵raction spots in typical rotation

cryo-crystallography. Therefore, one could gain 10⇥ more usable photons without loss of data quality.

Even a wider bandwidth of 10�2, which is comparable to the natural bandpass of single undulator

harmonics for SLS 2.0, could be advantageous for the so-called “still” data collection methods, where

reflections are not rotated through the Ewald sphere, but are covered by the width of the Ewald

sphere instead [43]. Such still methods are attractive for the emerging method of serial synchrotron

crystallography (SSX) at room-temperature, particularly for time-resolved studies, but are currently

hampered at synchrotrons due to the narrow bandwidth of the current Si(111) monochromator. Any

di↵raction-spot smearing and the additional scattering background from the much wider bandwidth

can be compensated by accumulating di↵raction signal from hundreds to thousands of crystals mea-

sured by SSX.

Therefore, the tunability in energy bandwidth will be important for MX development in the coming

decades [44]. The traditional Si(111) monochromator still remains the default choice for narrow

bandwidths of 10�4 due to silicon’s high crystallographic quality and excellent thermal conductivity

at cryogenic temperature. However, cryo-cooling often introduces mechanical instabilities that can

result in visible beam shaking. Measures need to be taken in the mechanical design in order to achieve

sub-micron beam stability at the sample position. For slightly larger bandwidths, an asymmetric cut

of Si(111) crystals can be exploited that can reach bandwidths between 10�4 and 10�3 with higher

flux [45]. For the range of 10�3 to 10�2, multilayer technology could also be used, in which various

materials in a numbers of layers are available for the fine tuning of the bandwidth and reflectivity of the

monochromater [46]. The achievable bandwidth with di↵erent approaches is illustrated in Figure 15.5.

15.3.4 X-ray focusing optics

The beam size and divergence are among the most important parameters for MX data collection.

Ideally, one would like to match beam size and crystal size while keeping the beam divergence low.

Data collection at the SLS is currently possible from crystals of 10 µm to 100 µm in size. However,

data collection from one micron or even submicron crystals is now possible at BL32XU at SPring-8,

Japan and VMXm at the Diamond Light Source, UK. Therefore, ideally one would like to vary

the beam size from 1 µm to 100 µm in a fast and reliable manner. The most common method to
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Figure 15.5: Left: control of the energy resolution (bandwidth) by di↵erent monochromators. The

higher resolutions are achieved with the Si(111) monochromators in symmetric (0�) and asymmetric

cuts (shown for tilt angles of 4� and 6�). The data for the multilayer optics (Ru/B4C, 170 layers,

period length of d = 2.83 nm and Ti/B4C, 250 layers, period length of d = 4.01 nm) have been taken

from [46]. Right: illustration of x-ray focusing methods (a) Mirror optics; (b) CRLs; (c) Combination

of mirrors and CRLs for fast and reliable change of beam size at sample position.

manipulate beam size and divergence is using dynamically bendable or fixed curvature x-ray reflecting

mirrors [Figure 15.5(a)] [44]; moreover, by selecting the appropriate coatings, such mirrors can be

used as low-pass filters to remove high-energy radiation, in particular, unwanted harmonics. Mirror

optics o↵er distinct advantages such as high achromatic e�ciency (> 90 %). Moreover, mirrors can

be bent for adaptive focusing, i.e., varying focal length. Since x-ray mirrors are operated at very

low incidence beam angles, the stability and repeatability of beam positioning and focusing depend

strongly on the mechanical system of the whole mirror and bending assembly. This could be challenging

for autonomous user operation, particularly for strong focusing down to one micron. Alternatively,

refractive optics like compound refractive lenses (CRLs) are easier to align and operate because they

are used in a normal geometry [47]. They have been used successfully at a few fixed-energy MX

beamlines dedicated to full data collection automation [48]. However, they are chromatic, and a

transfocator assembly with many sets of lenses is needed to cover a wide energy range [49]. The beam

acceptance (<500 µm) and e�ciency (10 % to 40 %) of such systems are relatively low when used for

strong focusing [Figure 15.5(b)].

In order to obtain the highest-possible flux in a micron-focused beam and at the same time o↵er

fast and reliable beam resizing, we propose a combined approach for the undulator beamlines: to

use mirrors as the primary focusing optics for the flux-hungry applications and augment them with

CRLs with moderate focusing at selected energies for applications that benefit from fast beam size

changing but do not require the highest flux [Figure 15.5(c)]. However, for the superbend beamline,
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x-ray mirrors will be used exclusively because the limited numerical aperture of the CRLs does not

match the relative large beam divergence.

15.3.5 Endstation

An x-ray di↵ractometer must be equipped with beam and sample visualisation tools. It brings the

crystal into the x-ray beam and manipulates the crystal orientations to cover the reciprocal lattice

during data collection. MX data collection methods have been evolved substantially from single

rotation to multi-rotation, serial wedge-rotation, helical scan along single crystal or over many crystals,

still scan, and in situ screening in the last decade (Figure 15.6) [50,51]. They require a concerted motion

of rotation and translation with high precision and high speed. Based on our in-house developed PRIGo

goniometer [9], we are developing the next generation multi-axis goniometer (SwissGO) (Figure 15.11).

SwissGO has a sphere of confusion of less than 1 micron in all axes and can perform standard rotation

and multi-orientation data collection for single crystals, as well as helical and 2-dimensional scans

for serial crystallography. Alternative sample delivery methods, like LCP extruders for time-resolved

crystallography [52], will be available as well. The sample environment will be in air with extra

care taken to reduce background scattering in order to capture signals from weakly di↵racting micro-

crystals at PXI and PXII. The direct beam path will be reduced to a minimum by a scattering

guard and a capillary beamstop [53]. The capillary beamstop will also have an integrated diode for

active intensity monitoring. A helium sample enclosure will be developed for low-energy applications

at PXIII. The in-house developed TELL sample changer will be adapted to meet sample loading

demands at SLS 2.0. The detectors will be based on EIGER and JUNGFRAU technology [54, 55].

Dectris EIGER2 re-triggering technology and CdTe sensors can handle high photon-rates at high

energy. JUNGFRAU integrating technology is not photon-rate limited and performs better for high-

flux and low energy MX applications. A JUNGFRAU 10M detector with central flat 4M and three

2M wings is currently under development at PSI. The central 4M can be operated independently at

2.3 kHz, which should be su�cient for most high-throughput applications with sustainable data rate.

The entire 10M detector will enable the recording of the higher-resolution reflections for low-energy

macromolecular crystallography and high-energy chemical crystallography.

15.3.6 Increasing cryo-sample handling capacity

With the advances in crystal harvesting technologies [56, 57] and the surge in interest in fragment

screening approaches for drug discovery projects, it follows that the number of samples being sent to

MX beamlines will greatly increase over the next few years. Automated data collection procedures will

enable faster and more e�cient recording of experimental data, however, to fully maximise beamline

usage we need to address the shutter-closed time associated with the changeover of sample containers

inside the experimental hutch. Previously, sample containers would be loaded and removed from the

hutch by the user, but with more remote experiments being scheduled, it is now the beamline sta↵

who are responsible for this and for ensuring that information about the sample identity and location

is stored correctly and is available to the user and to the data collection software. A multi-pronged

approach will be required to facilitate e�cient sample handling at the synchrotron. Procedures for

sample shipping, tracking, storage on site, and the possibility of pre-sorting samples for each beamline
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Figure 15.6: MX data collection methods with goniometer. (a) Rotation with multi-orientation, (b)

serial small-wedge data collection, (c) helical scan along single crystal, (d) helical scan over many

crystals, (e) “still” 2D-scan, (f) in-situ screening at room temperature.

session will be reviewed. Software solutions will be deployed and where needed developed to facilitate

the recording of sample location information and status of data collection queues and to give advance

warning of when the next sample container changeover is required. New automatous solutions to

physically manage the movement of dewars and samples containers will be investigated. Finally, the

format of the traditional SPINE3 sample holder will be revised, with a view to increase the number

of crystals held on one sample holder. This has the benefits of increasing sample capacity whilst

maintaining the format of the currently used sample containers, transport dewars and robot storage

dewars. In addition to increasing capacity, the experimental throughput is increased by reducing the

number of sample transfer steps required. Combining these steps will produce an e�ciently-managed

sample to data workflow and increase the productivity of the beamlines.

15.3.7 Complementary upgrades of three MX beamlines

Each of the three MX beamlines will be optimised for one or two of the main MX applications; collec-

tively they will o↵er a complete portfolio for any kind of MX application in the future (Figure 15.7).

X06SA (PXI) has been our main research and method development beamline since 2001, thanks to

its versatile design. To this, we will add pink-beam capabilities for time-resolved crystallography.

X10SA (PXII) is our main industry beamline, which o↵ers high-throughput MX for ligand screening

and serial synchrotron crystallography (SSX) for structure-based drug discovery. Naturally, its up-

grade will focus on one-second routine MX and one-micron SSX application with an extended energy
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range to 30 keV. X06DA (PXIII) has had an unrivaled impact on experimental phasing, most notably

native-SAD, thanks to its stable source and unique multi-axis goniometer. Its upgrade will focus on

exploiting lower x-ray-energy native-SAD phasing and unambiguous detection of biologically relevant

light ions, taking advantage of the in-house multi-axis goniometer and x-ray detector developments.

We believe that the proposed upgrades will make the three MX beamlines at SLS 2.0 among the

best in their class. The main targeted design parameters of each beamline compared with its current

capacity are summarised in Table 15.4. A comparison between them and their peer beamlines at other

synchrotron facilities is presented in the appendix.

Figure 15.7: Expanding space in MX beamline characteristics and applications.

X06SA X10SA X06DA

SLS SLS 2.0 SLS SLS 2.0 SLS SLS 2.0

2.4 GeV 2.7 GeV 2.4 GeV 2.7 GeV 2.4 GeV 2.7 GeV

Source U19 @ RT U15 @ 77 K U19 @ RT U15 @ 77 K SB 2.9 T SB 2 T

Energy [keV] 6 to 17.5 4 to 18(30) 6 to 20 5 to 30 5 to 17.5 2.5 to 15

Energy res. 10�4 10�4 to 10�2 † 10�4 10�4 10�4 10�4

Beam size [µm] 5 to 100 1 to 50 15 to 100 1 to 50 90 ⇥ 45 10 to 100

Flux [ph/s] 1012 (1011)‡ 1013 1012 (1011)‡ 1013 5⇥ 1011 2⇥ 1012

Goniometer single-axis multi-axis single-axis multi-axis multi-axis multi-axis

Detector EIGER 16M JF 10M/4M EIGER2 16M EIGER2 16M PILATUS2M JF10M

Table 15.4: Main design parameters for the upgrades of the three MX beamlines at SLS 2.0. (†) 10�2

to 10�3 resolution when using pink beam. (‡) Beam flux for beam sizes of 5 µm and 15 µm, at X06SA

and X10SA, respectively.



260 MACROMOLECULAR CRYSTALLOGRAPHY BEAMLINES

15.4 X06SA (PXI): A versatile beamline for MX development

The X06SA has been instrumental in the development of MX beamlines at the SLS and has pushed the

frontiers of MX over the last two decades [8,13,23,29,58–60]. To keep its leading position in an increas-

ingly competitive field, the proposed upgrade will further expand the X06SA capacity with regards to

all the important parameters, from the beam size and flux to energy range and bandwidth, with finer

controls so that experiments can be tailored to each individual crystal. The upgrade will enhance the

performance significantly for high-throughput and serial crystallography using monochromatic x-rays

(see Section 15.5 for details), e.g. a complete data set can be obtained with one-second exposure

(Figure 15.8). In addition, the endstation will be equipped with a ns-laser and spectrometer to widen

MX applications from static structures to mechanistic and dynamic studies. Coupled with broader

bandwidth and high-flux of pink x-rays, more di↵raction data can be measured from ”still” di↵raction

pattern; redox states of metalloproteins can be tracked, and biologically relevant dynamics can be

studied in the milli- to microsecond time scale at SLS 2.0 (Figure 15.8). These developments will be

complementary to the sister facility at SwissFEL, which allows for nano-crystallography, damage-free

structure determination of metalloproteins, and fs to ns time-resolved crystallography. Furthermore,

machine learning will be exploited for intelligent automation of beamline operations, data acquisition,

and data analysis. This is especially critical for X06SA, because this beamline will host a variety of

experiments at two endstations.

Figure 15.8: (left) Structure of nucleocapsid phosphoprotein from SARS-CoV-2 solved with 1 second

x-ray exposure using a JUNGFRAU 4M detector operated at 2 kHz at SLS. (right) time scales of

dynamics in biology and their accessibility at synchrotron and x-ray free-electron laser facilities.

15.4.1 Source

Referring to Chapter 2, a cryogenic permanent magnet undulator U15 (CPMU15) at SLS 2.0 (2.7 GeV)

will boost the source brilliance 140 times compared with the current room-temperature undulator
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U19 at the SLS (2.4 GeV). The SLS 2.0 machine design also allows further brilliance increase by

accommodating longer undulator, and we plan to replace the 1.8 m U19 by a 3 m CPMU15. The

CPMU15 will have an energy gap from about 4.6 keV to 5.1 keV between its first and third harmonics.

Therefore, the second harmonic needs to be used to cover the energy gap. The reduced brilliance of

even harmonics will be partially compensated by the gain in di↵raction e�ciency at low energy, which

is proportional to (1/E)2.

15.4.2 Front end

The beam acceptance should be 100 µrad ⇥100 µrad to collect the full beam. We would like to have

two white-beam position monitors with 1 µm resolution and positioned metres apart for the accurate

measurement of both spatial and angular beam position at kHz frequencies [40]. Such measurements

will be essential for both the upstream feedback of the machine orbit and also the automated alignment

and fine-tuning of the downstream beamline optics. A high-pass filter (e.g., a beryllium window) will

be used to remove the low-energy radiation. An optional low-pass filter could be considered to remove

higher harmonics.

15.4.3 Optics

The main technical challenge is to actively support specialised experiments and the development of

emerging methods in MX while at the same time maintaining high-throughput routine user operation.

Therefore, we designed a versatile x-ray optics system to deliver both monochromatic and pink beam

in a broad energy range, feeding two endstations in one experimental hutch. A double multilayer

monochromator (DMM) will be used for pink-beam applications with a targeted bandwidth of 0.5 %

to 1 %. Multi-striped DMMs with di↵erent multilayer coatings will be used for di↵erent bandwidths,

e.g., 200 layers of Ru/B4C for 1 % and 400 layers of Ti/B4C for 0.5 %. The monochromatic beam will

be obtained with a Si(111) double crystal monochromator (DCM). The design should allow the use of

each monochromator independently with the same beam o↵set (Figure 15.9). Both monochromators

will be cooled to handle the high thermal load. Special care is needed to minimise the potential

vibrations induced by cooling. The angular pointing accuracy should be smaller than 100 nrad.

Given the limited space in the optics hutch, two monochromators could be hosted in one chamber.

A microsecond x-ray chopper will be installed after monochromator for precised timing control for

studying protein dynamics.

The x-ray beam focusing will be controlled by two pairs of Kirkpatrick-Baez mirrors (KB) or one

pair of KBs and a set of compound-refractive lenses (CRLs) as transfocators via an intermediate

focusing point (the secondary source). The secondary source allows convenient control of the beam

size and divergence. The upstream KBs are bendable for adjusting the beam size at both the pink-

beam station and the secondary source positions. For the scheme with the downstream pair of KBs,

additional beam-size controls will be implemented by CRLs positioned upstream of the KB-mirrors.

Alternatively, the focusing in the mono-beam station could be achieved with CRL transfocators, with

reduced e�ciency. To get the best of both focusing technologies, we propose a combined usage of

both to o↵er the required performance for di↵erent applications. The overall x-ray optics scheme is

depicted in Figure 15.10. The x-ray tracing study shows that one-micron (FWHM) focusing can be
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Figure 15.9: Monochromator concept of the X06SA beamline upgrade.

reached with state-of-the-art x-ray mirror technology. The mirrors will have three coatings, Si, Rh,

Pt, to cover the entire energy range. No cooling is needed for the KB mirrors for the monochromatic

beam. However, the heat load will be increased significantly when the DMM is operated in 1 %

bandwidth, which is nearly the natural bandwidth of one single harmonics at SLS 2.0. The power

density on the mirror surface will be studied. In order to reduce unnecessary radiation damage for

room temperature data collection and to reach the microsecond scale in time-resolved crystallography,

a x-ray beam chopper will be of great advantage. If the chopper can be installed immediately after

the monochromator, it can be used to reduce the heat load on the mirrors in the pink beam mode.

Figure 15.10: Schematic view of the X06SA beamline design for SLS 2.0.
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15.4.4 Endstation

The two-stage focusing scheme also provides an opportunity for two “independent” endstations. One

endstation will operate with monochromatic x-rays primarily (mono-station). This station will be

equipped with the next-generation multi-axis goniometer (SwissGO), integrated sample environment,

and a large-format JUNGFRAU detector with custom-shaped geometry (Figure 15.11). The standard

serial crystallography experiment with both fixed-target and injector will be carried out at this station

as well. The second station is designed for time-resolved crystallography with variable bandwidth

(pink-station). It is positioned upstream of the secondary source point and capable of supporting

varieties of sample delivery methods including injectors, mixing devices, acoustic droplet injector and

levitator, microfluidics chips, and more. The station will also be equipped with a tunable nanosecond

laser and spectrometers (Figure 15.11).

Figure 15.11: (left) Models of multi-axis goniometer (SwissGo) and JUNGFRAU 10M detector at

the mono-station of X06SA. (right) Schematic view of the experimental setup at the pink-station of

X06SA.
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15.4.5 Timeline

We plan to install and commission the instruments for both mono- and pink-applications in parallel.

For the day-one experiment, however, we would like to ensure the mono-station with standard MX

experiments is in operation so that X06SA can serve most of its academic users after SLS 2.0 upgrade

immediately. The pink-station commissioning can be completed during the regular shutdowns.

Time period Main activities

Jan 2019 - Dec 2020 Conceptual design

Jan 2021 - Dec 2021 Technical design

Jan 2022 - Jun 2023 Procurement and manufacturing

Jun 2023 - Sep 2023 Commissioning at lab

Oct 2023 - Dec 2024 Installation

Jan 2025 - Jun 2025 Commissioning at beamline

Jul 2025 - Dec 2025 Pilot users

Jan 2026 Regular user operation

15.5 X10SA (PXII): A one-micron, high-flux MX beamline

X10SA is the second macromolecular crystallography beamline at Swiss Light Source. It is 100 % fi-

nanced externally, mainly through partnership with industry. The partners currently comprise nine in-

ternational pharmaceutical companies, including the three founding partners Max-Planck Gesellschaft,

Novartis, and Roche. Structural-based drug development heavily relies on a large amount of pro-

tein structures solved from hundreds to thousands of ligand-bound protein crystals generated from

fragment-based drug discovery campaigns. A significant increase in throughput, reducing the average

data acquisition time per crystal from minutes to seconds, as will be possible with SLS 2.0, is clearly

of great interest to our industry partners (Figure 15.12). With such throughput, the role of the beam-

line operator and user will be changed from collecting individual samples to supervising autonomous

experiments as a whole. The associated workflow from sample delivery to data acquisition, analysis,

and finally reporting needs to be developed with a suitable information-management system.

There is strong and increasing interest in membrane protein drug-targets that however tend to

be more di�cult to crystallise and that generate only weakly-di↵racting crystals in the micrometre

range. The proposed beamline upgrade with direct focusing is designed to collect the full flux into
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Figure 15.12: An illustration of fast fragment and ligand screening for structure-based drug discovery.

a one-micron spot with a flux density of 1013 ph s�1 µm�2. With such a tightly-focused beam, the

radiation damage could be reduced by the photoelectron escape e↵ect. Moreover, the e↵ect is more

pronounced for micron-sized crystals at high energy (20 keV to 30 keV) ( [61], see also Figure 15.13).

To make best use of these facts, the beamline optics will have an upper energy limit of 30 keV, and a

detector upgrade with CdTe sensors will be considered.

Figure 15.13: Di↵raction e�ciency as functions of x-ray beam energy and crystal size [61].

15.5.1 Source

The same cryogenic permanent magnet undulator (CPMU15) as planned for X06SA will be used. The

brilliance increase is two to three order of magnitude in the designed energy range of 5 to 30 keV.

15.5.2 Front end

The front end will have the same design as beamline X06SA.
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15.5.3 Optics

The optics design is optimised for the highest attainable flux in the energy range of 5 keV to 30 keV

at the SLS 2.0. This can be achieved by a simple optics scheme with direct focusing using a Si(111)

monochromator and a pair of KB mirrors, which can produce a 1µm ⇥1 µm focused beam with

> 1013 ph s�1 at 12.4 keV and acceptable divergence. We will also reserve space for the possible

addition of a DMM in the future. The Si(111) monochromator will have the same design as that at

X06SA, with both symmetrically and asymmetrically cut Si(111) crystals. The KB mirrors will be

bendable for adjusting the beam size from 1 µm to 50 µm while preserving the flux, and they will

be positioned in the current experimental hutch. Three coatings (Pt, Rh, Si) on the KB mirrors will

allow for high reflectivity and harmonics rejection (Figure 15.14). Additional sets of CRLs could be

Figure 15.14: Mirror reflectivity as a function of x-ray beam energy and angle of incidence.

inserted before the mirrors for applications that need fast and robust beam size changing but do not

need the highest flux. The optics concept is depicted in Figure 15.15.

Figure 15.15: Schematic view of the X10SA beamline design for SLS 2.0.
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15.5.4 Endstation

The endstation will have a very similar design as the mono endstation at X06SA. It will be equipped

with the next-generation multi-axis goniometer (SwissGO). Instead of a JUNGFRAU detector, the

current EIGER2 16M detector will remain for the upgrade. In fact, the re-triggering technology in

EIGER2 will help in handling the increased photon-rate after the upgrade. To utilise the higher-energy

photons (>20 keV) e�ciently, a high-Z detector could be added as a phase-II upgrade.

15.5.5 Timeline

Since X10SA is funded 100 % by external beamline partners, we are obliged to provide our partners

with the possibility to carry out experiments as early as possible. Considering the current planning

for SLS 2.0, we intend to restart beamline operation with limited users in May 2025 and ramp up to

full user operation in January 2025. Hence we plan to start rebuilding the beamline as soon as the

dark period for the SLS 2.0 upgrade begins, with an estimated duration of 9 to 12 months. If possible,

sub-projects of the upgrade project will be developed and commissioned well in advance to minimise

the workload on both PSI support groups as well as the MX group itself.

Time period Main activities

Jan 2019 - Dec 2020 Conceptual design

Jan 2021 - Jun 2021 Technical design

Jun 2021 - Dec 2022 Procurement and manufacturing

Jan 2023 - Sep 2023 Commissioning at lab

Oct 2023 - Dec 2024 Installation

Jan 2025 - Apr 2025 Commissioning at beamline

May 2025 - Sep 2025 Resume limited user operation and ramp up

Oct 2025 Regular user operation

15.6 X06DA (PXIII): A microbeam superbend MX beamline

X06DA is currently the best-performing bending magnet MX beamline in the world. Its capacity

to very accurately extract the anomalous scattering signal of low-Z elements intrinsically present in

native macromolecular crystals (native SAD) places X06DA at the forefront of de novo structure

determination. In the SLS 2.0 upgrade, X06DA will benefit from the much-improved horizontal
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Figure 15.16: The expected phasing power gain in low-energy native SAD. The phasing power (FOM

= f 00(1/d)3/2, where f 00 is the anomalous scattering factor of sulfur and d is the di↵raction resolution)

is plotted as a function of di↵raction resolution for two energies – orange for 6 keV and green for

3.75 keV. According to recent research on native SAD using 6-keV x-rays, a resolution of 2.5 Å or

better is needed, which provides an estimation of the structure solvability threshold – 0.25 in the FOM

scale (magenta dashed line). Applying the same threshold, 4.3 Å or better resolution is accessible for

native SAD using 3.75-keV x-rays.

emittance, and it will become the first microbeam bending-magnet MX beamline with a performance

comparable to micro-focus undulator beamlines at third-generation synchrotron sources. At the same

time, it will preserve its excellent stability across the full energy range. The upgrade of X06DA will

be focused on low-energy MX applications down to 3.0 keV, while maintaining high performance and

user friendliness at the “standard” x-ray energy of 12.4 keV.

Amongst approximately 10 000 structures deposited in the protein data bank (PDB) per year, about

10 % are novel structures, the majority of which were phased with SeMet or heavy-metal derivati-

sation methods. These experimental phasing methods pose challenges along the path to successful

macromolecular structure solutions, which are impossible to overcome in many cases. This notorious

“phase problem” can potentially be solved with truly routine and e↵ective native-SAD. The increase

of phasing power which is predicted to occur with utilisation of low-energy MX native-SAD is quite

substantial, as shown in Figure 15.16. In practice, however, there are still many considerable experi-

mental di�culties that have to be resolved to achieve the ideal outcome. The X06DA upgrade combines

multiple technological advances with the aim of overcoming the main challenges of low-energy mea-

surements. The helium sample environment aims to eliminate air absorption; a multi-axis goniometer

samples di↵raction geometry comprehensively, while the JUNGFRAU detector with a custom-made

shape provides high e�ciency at low energy.
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Figure 15.17: Flux (left) and vertical beam divergence (right) as a function of photon energy for

di↵erent magnetic fields.

15.6.1 Source

A bending magnet emits a broad spectrum of light, so-called “white beam”, from which the desired

energy can be simply selected by a monochromator. In fact, this intrinsic characteristic of bending

magnets is advantageous regarding beamline design and operation as, unlike for example for undula-

tors, no mechanical manipulations like gap-size changes are required for a certain energy set. Thanks

to the increased machine energy of 2.7 GeV at SLS 2.0, a 2 T superbend will have similar performance

as a 2.7-T superbend in the energy range of 3 to 15 keV [Figure 15.17(a)] because of the reduced

vertical source divergence [Figure 15.17(b)]. This allows a simpler magnet design by a modification of

normal magnet for SLS 2.0 storage ring.

15.6.2 Front end

In order to maximise the acceptance of a broad horizontal radiation fan, it is critical to position the

first x-ray mirror as close to the source point as possible. This means that the mirror must be located

in the front end, which adds stringent space constraints to the front end design. A new front end

concept has thus been developed, which reduces the footprints of all components and optimises their

spatial arrangement. It includes a beam mask, a diaphragm/slits assembly, an absorber, a Beryllium

window, a white beam BPM, and the first x-ray mirror. The horizontal acceptance has been increased

up to 2 mrad to further increase the flux delivered at sample position.

15.6.3 Optics

The main optics system consists of a toroidal mirror, a Si(111) double channel cut monochromator

(DCCM), and a KB-focusing system (Figure 15.18). The toroidal mirror is positioned 7 m from the

source in the front end, it provides beam collimation in vertical direction and creates a secondary
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Figure 15.18: Schematic layouts of the X06DA x-ray optics design for SLS 2.0.

Figure 15.19: Preliminary ray-tracing results for the X06DA upgrade.

source at 21 metres in horizontal direction. The combination of the collimation and 1:2 magnification

minimises the beam aberration from the toroidal mirror and allows micro-focusing by the downstream

KB mirrors. All mirrors will have a beam incidence angle of 4.5 mrad. The toroidal mirror and

one of the KB mirrors will be rhodium coated with > 90 % reflectivity up to 15 keV. The other

KB mirror will have both rhodium and silicon coatings. The silicon surface will be used to remove

the higher energy passing through the Si(111) monochromator when operating at low energy. The

double channel-cut monochromator (DCCM) with silicon (111) crystal will allow full tunability within

energy range from 3.0 keV to 15 keV. The ray-tracing study confirmed that 10 µm to 20 µm focused

beam with 2 ⇥ 1012 ph/sec is achievable at the sample position (25.5 m from the source) as shown

in Figure 15.19. The design will keep the current optics hutch, but will require a new experimental

hutch because of the new sample position further downstream from the current compact experimental

hutch (Figure 15.18).
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Figure 15.20: (left) 2D contour plot of theoretical anomalous di↵raction e�ciency for S atoms as a

function of x-ray energy and crystal thickness. (right) Deep-UV laser machine setup and example of

shaped crystal.

15.6.4 Endstation

At lower photon energies (< 6 keV) air absorption and scattering of the x-rays becomes a significantly

limiting factor. Both e↵ects attenuate the di↵racted x-rays and adversely a↵ect the measurements

of the reflection intensities. Distinct approaches have been employed at di↵erent beamlines around

the world to overcome this obstacle. A prominent example is beamline I23 at Diamond Light Source

with its unique PILATUS 12M curved detector and entire sample environment enclosed in a vacuum

chamber [30]. Alternatively, the sample environment can be flooded or purged with helium gas or part

of it can be sealed o↵ to provide a localised helium environment (an example being beamline BL-1A

at the Photon Factory [62]).

Apart from air absorption, low-energy measurements su↵er from absorption by the sample itself

(Figure 15.20). In general, an absorption correction is empirically applied at the data processing level

but this method is rather ine�cient at energies < 6 keV. In this regard, the use of UV laser ablation

technology promises a novel solution (Figure 15.20). It allows controlled trimming and shaping of

large crystals to achieve stacked spherical shapes for homogeneous x-ray absorption [63]. In addition,

it enables the removal of undesired contributions of non-di↵racting materials, such as loop and solvent

surrounding the crystal. We plan to acquire additional funding for a UV laser ablation system and

integrate it into the X06DA beamline.

We plan to design a new sample environment optimised for low-energy MX without compromising

routine user operation at higher energy. The setup is enclosed in a helium chamber, which contains a

sample camera, a multi-axis goniometer, and a JUNGFRAU 10M detector. The goniometer (SwissGO)

will be a successor of our in-house developed PRIGo and the commercialised SmarGon goniometer. The
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Figure 15.21: X06DA beamline layout with new experimental hutch and associated laboratories.

SwissGO will have improved functionalities such as dynamic positioning, allowing the synchronisation

of grid scans, helical scans, and other complex motions with time-critical components such as a shutter,

a detector trigger, or possibly a laser system. The JUNGFRAU 10M detector will be custom-shaped

with an inclined geometry for capturing high-angle di↵raction. Because it is an integrating detector,

JUNGFRAU o↵ers distinct advantages in measuring accurate di↵raction data at low energies, as

demonstrated recently [29].

15.6.5 Beamline layout

The x-ray optics upgrade moves the sample position 4.5 m downstream, which is outside of the current

experimental hutch. Therefore, a new experimental hutch and control hutch are needed. Also we take

this opportunity to rearrange beamline laboratories for better serving the needs of both X06DA and

X06SA. There will be two user labs for standard and special (e.g. in dark) sample preparations and

one crystallization lab dedicated to fast fragement and compound screening (FFCS). The new layout

are shown in Figure 15.21

15.6.6 Timeline

We plan to start the upgrade of beamline X06DA prior to the SLS 2.0 shutdown. As the MX group is

in charge of three beamlines, this allows the distribution of the resources over a longer period of time.

In the first phase, pre-dark-time, the collimating mirror in the front end, the KB mirrors, as well as

the new experimental hutch and associated labs shall be upgraded. Then, in a second phase, during

the dark-time, upgrades for the sample environment and for the monochromator to access 3 keV can

take place. This pre-dark-time upgrade provides a head-start in developing and prototyping some key
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technologies for SLS 2.0, which on one hand provide a solid basis for further customisation at the other

two MX beamlines, but also, on a larger scale, serves as a test bed for key technologies to be used at

other beamlines at SLS 2.0. In particular, Beamline Controls, Motion Control and IT infrastructure,

are areas where new technologies shall replace the aging old ones, and we o↵er that these be employed

in conjunction with the upgrades at PXIII.

Time period Main activities

Jan 2019 - Jun 2020 Conceptual design

Apr 2020 - Dec 2020 Technical design

Sep 2020 - Apr 2021 Procurement and manufacturing

Jan 2022 - Jun 2022 Commissioning at lab

Jul 2022 - Oct 2022 Installation of FE, x-ray optics, new hutch and labs

Nov 2022 - Jan 2023 Commissioning at beamline

Feb 2023 - Sep 2023 User operation / commissioning

Oct 2023 - Dec 2024 installation of new endstation

Jan 2025 - Apr 2025 Commissioning at beamline

May 2025 - Sep 2025 Resume limited user operation and ramp up

Oct 2025 Regular user operation

15.7 MX IT and data science plan for SLS 2.0

Increases in source brightness, as well as advances in detector technology and sample delivery methods,

lead to an increase in both throughput and time resolution of the MX measurements. This requires

preparing IT infrastructure to handle at least a 10-fold increase in both the peak rate and yearly

total data volume. The simplest solution would be to scale up existing computing systems to handle

increases in data rates. This is, however, a very costly solution and not sustainable.

In the past, two paradigms existed in the semiconductor industry, both a continuous increase in the

frequencies at which integrated circuits operate (Dennard scaling) and an increase in the numbers of

transistors per units of space (Moores law). All resulting in an exponential growth in computational

power with time. If the problem was too computationally demanding for current resources, it was
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su�cient to wait for the next generation of CPUs. Due to increasing di�culty in removing heat from

silicon chips, CPU frequencies have already stalled for a few years at around 5 GHz, while increasing

complexity and core count is also slowly hitting the limit [64,65]. The importance of computing for the

economy has resulted in an increase of alternative solutions to CPUs, i.e. task specific accelerators.

For example, high-performance computing routinely uses general-purpose graphic processing units

(GPGPUs) to perform highly parallel floating-point calculations, as these chips exceed the capabilities

of CPUs by orders of magnitudes. While applying task-specific architectures is the only suitable

solution to handle the increase in data rates at SLS 2.0, it also carries the risk of fragmentation, with

the presence of too many computing architectures being costly to program and maintain. Ideally,

single task-specific architecture should be chosen, that will cover the majority of the most intensive

workflows.

The MX beamline computing use case requires solutions that are optimized primarily for maximal

data throughput, while computational performance is of secondary importance. Tasks like spot-finding

and integration that take most of the MX computing resources usually require few CPU instructions

per byte of data, which results in a situation where execution time is dependent on the speed that

data can be delivered to CPU (or other accelerator) and not on pure performance. In addition, as

many tasks are envisioned as part of online analysis and closed-loop feedback, real-time capabilities

are also critical. While there are also tasks done by MX computing that are performance limited,

i.e., merging of intensities, phasing and structure refinement, these can still be covered by general-

purpose computing clusters or outsourced for supercomputing resources at, for example, the Swiss

Supercomputer Center (CSCS).

However, data-intensive real-time applications require new solutions. Based on the research of the

IT market, we have identified a combination of IBM POWER architecture, NVidia GPUs, and Xilinx

FPGAs, as the most promising solution [66]. FPGAs provide moderate performance, but with the

benefit of real-time guarantee and with a high level of parallelism. Xilinx High-Level Synthesis, which

allows the compiling of existing C/C++ code into register transfer language, significantly simplifies

the development of FPGA software. However, FPGAs need a server system to orchestrate the transfer

of data to/from storage and flow control. Here POWER architecture comes in handy. Thanks to the

Coherent Accelerator Processor Interface (OpenCAPI), data exchange between the FPGA and CPU

is simplified, and higher throughput is possible. The implementation of a similar solution on a x86

platform would be more troublesome.

In this regard, the MX Group, in collaboration with the Detector Group, Science IT at PSI, and

the IBM CAPI Enablement team, is evaluating a new POWER9 server IC922 with FPGA boards.

As of 2020 we have demonstrated the capabilities of these technologies for data acquisition from

the JUNGFRAU detector, including GPU implementation of spot-finding COLSPOT algorithms.

Spot-intensity integration, in its simplest form, could be already carried out e�ciently for real-time

evaluation of data strength and completeness. The final intensity integration is the most complex

one and probably needs to remain implemented in classical hardware. While this requires extra e↵ort

in learning new architecture and hardware/software development, it will be less expensive and more

sustainable, than a tenfold scale-up of the IT budget.

The benefits of FPGA go beyond the data-analysis pipeline. FPGAs are already used for machine

learning inferencing (i.e., in applying trained models to data of interest). As image recognition with
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convolutional neural networks is currently high in the agenda of economic giants, it is expected that

the focus of task-specific accelerators in the upcoming year will be mostly in that direction [67]. For

SLS 2.0, machine learning could provide viable alternatives for deterministic spot-finding algorithms

[68]. Machine learning could be equally applied to other sensors, as explained in more details later

below. All inferencing tasks would also be implemented on POWER machines, similar to data-

acquisition systems, although GPGPUs could be used in combination with FPGAs, as most machine

learning software (for example Tensorflow and Ca↵e) are currently optimized for GPGPUs and there

are solutions to export trained models to FPGA (e.g. Xilinx Vitis AI). POWER systems also have a

significant advantage in that regard, with NVLink allowing 6x faster data transfer between CPU and

GPGPU, as compared to the Intel platform.

Implementing machine learning also requires training resources to generate models used later for

inferencing. This task is computationally much more demanding, and currently, GPGPUs are the best

tool for that task. The most e�cient way to train models would be through using CSCS supercomput-

ing resources, which could use large volumes of previously collected data. As it might be needed, in

some instances, to continuously optimize the machine learning model based on images and processing

results, a small-scale machine learning training system is envisioned on site. This training system

could either be a dedicated part of the facility computing cluster (with x86) or a dedicated system.

In the latter case, the choice would be a 2-3 node cluster of IBM POWER servers with GPGPUs (e.g.

AC922).

One additional necessary component will be a storage system that can handle JUNGFRAU peak

data rates. As JUNGFRAU 10M can produce 12 GB/s when operated at full frame rate (48 GB/s raw

with 4x compression) and EIGER2 16M XE can produce 2 GB/s (16 GB/s raw with 8x compression),

the file system needs to be capable of handling 25 GB/s peak rate. Currently, the peak rate for the

new GPFS file system is roughly 16 GB/s shared over the whole SLS. In order to obtain the required

bandwidth, an SSD cache is necessary. Three options for the bu↵er are currently under evaluation

(a combination of these options is the most likely possibility) and include the placing of extra SSDs

inside the data acquisition system, the use of additional IBM POWER servers for bu↵ering, and the

use of a GPFS integrated SSD bu↵er (e.g. IBM ESS 3000).

The design of the online processing cluster depends on e↵orts in implementing data processing tasks

on task-specific architectures. If these tasks are highly successful, and it is possible to implement all

current functionalities in an innovative architecture (i.e., CPU+GPGPU or CPU+FPGA), then the

new computing cluster could be entirely built of such components. If, however, achieving this goal

becomes too complicated, the use of a standard x86 cluster would remain the only possible option.

Currently, other synchrotrons (e.g., ESRF with POWER9 and GPGPUs) are also experimenting with

task-specific architectures, so it is expected that there will be further community development in this

direction.

Changes to the hardware architecture require changes in data flow. Currently, online data pro-

cessing flow is file-based, i.e., the detector provides an HDF5 file that is written to the beamline file

system, and data processing is then executed on the cluster with the file path as an input. In the

SLS 2.0 flow, processing would need to be modified to operate directly on streams, i.e., the detector

image would be packed into a queue protocol and transferred directly to the data processing node,

which would reduce the transfer overhead, while files would be in parallel written to storage. For the



276 MACROMOLECULAR CRYSTALLOGRAPHY BEAMLINES

Figure 15.22: Data flow of the MX beamline at SLS 2.0. Blue arrows represent the flow of x-ray

images (the most throughput critical), red arrows the flow of metadata, and the yellow arrow the flow

of sensor information. [66]

best performance, it would be necessary to move the data-intensive and the straightforward steps of

processing closer to the hardware. For example, data acquisition systems would calculate background

standard deviation and spot positions, and online processing cluster would be only responsible for

spot intensity integration and scaling. An expected flow is presented in Figure 15.22.

In parallel to hardware development, continuous improvement in algorithms is necessary. One of the

key issues for e�cient storage and data transfer is compression. X-ray images require fast algorithms,

so that compression is not limiting data analysis throughput, but also gives good compression factors.

Although a combination of bit shu✏ing filter and LZ4 gives good results, it is envisioned to test new

developments in the compression community continuously. While lossy compression algorithms are

currently not used in the MX community, they might become necessary for sustainable operation.

Currently, we have started to evaluate the SZ algorithm [69] to verify how a lossy scheme a↵ects data

quality.

X-ray images are not the only data relevant to the beamline sta↵. Numerous sensors produce

a significant amount of information about the beamline environment. There are also cameras to

monitor the hutch and motor encoder read-outs. Currently, analysis of these streams is done by

human scientists and using simple scripts. However, for SLS 2.0, we would like to implement more

robust ways to use these extra information channels. We would like to follow the example of industry,

where sensor data are used for example to decide on maintenance e↵orts (preventive maintenance), to

trace conditions leading to equipment malfunction or to make data-driven operational decisions.
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The foundation of such an approach would be a robust repository of all sensor data and software

logs, stored in a modern time-series database (e.g. Elastic Search or InfluxDB), allowing the data to

be e�ciently queried and visualized, both by human scientists and software. The next layer would be

big data analytics, to extract trends and time correlations from the stored data (e.g. Apache Spark

and Hadoop). When a su�cient amount of data is collected, these could be used to train machine

learning models (e.g. with Tensorflow) to automate beamline operation tasks or to detect anomalies

and errors creating a digital beamline scientist. An interesting application would be also applying

machine learned models for hutch cameras. These cameras could be directly connected to single board

computers like Nvidia Jetson or Google Coral, allowing for immediate reduction of video stream for

example to tag misplaced equipment - such solutions can be built around e.g. OpenCV and Tensorflow

Lite, but also with commercial tools like IBM PowerAI Vision.

Lastly, but still very important, are data management strategies. If a tenfold increase in beamline

throughput is realised, the tracking of experimental samples and generated datasets will likely become

di�cult for the human scientist. Therefore, database solutions are being developed to track samples

from their arrival at the SLS to data production. This solution would be linked to the data catalogue,

which lists all the datasets collected at the SLS by academic users. Such data would be available to

the community according to the data policy. On request, a data catalogue DOI identifier could be

provided, allowing the referencing of di↵raction images along with the PDB record or in a publication.

To ensure data collected at SLS 2.0 serve best the structural biology community, we want to conform

with FAIR principles (Findable, Accessible, Interoperable and Reusable) [70,71]. Here the most crucial

task for the facility is to ensure proper metadata for all the measurements are recorded, both regarding

sample (taken from the database) and instrumentation. PSI is actively taking part in defining the

NXmx ”gold standard” [72] for macromolecular di↵raction data and it is expected all MX detectors

will produce compliant data by SLS 2.0.

To summarise, the main tasks for data science for SLS MX 2.0 are: (a) implementation of data

acquisition and processing on task-specific architectures with spotlight on POWER architecture and

FPGA acceleration, (b) development of machine learning models for image analysis, e�cient mainte-

nance and experiment control, (c) research on best compression practice for x-ray di↵raction data, and

(d) implementation of sample and data management systems to suit the best interests of both users

and the whole community. We do expect, that outcome of these developments will benefit not only

MX beamlines, but also other beamlines at the SLS 2.0 and in the broader synchrotron community.

15.8 Development of the sample preparation facility at SLS 2.0

15.8.1 Overview

The PSI crystallisation facility (CF) at the SLS is a hub for structural biology research at the PSI

and is run by the MX Samples group. This provides crystallography support for groups in the BIO

department and sample support at the SLS and SwissFEL, conducts research into new methods of

crystallisation and sample delivery for both soluble and membrane proteins, and provides a variety

of support and expertise to external users and industrial partners (e.g. LeadXpro, Idorsia). A final

routine but important role of the group is to supply a range of crystalline samples of very high
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di↵raction quality and consistency for beamline testing and method development by the wider MX

group.

15.8.2 Current situation

Since the reconfiguration of the CF in 2014, it has been transformed better to serve the needs of

local users, focusing on proven and pragmatic technologies, good crystallisation practice, and method

development. This approach has seen a dramatic increase in use, and integration of the CF in many

SLS, LBR and SwissFEL projects.

15.8.3 Opportunities

The situation of the CF at the SLS provides unique opportunities for di↵raction-guided optimisation of

crystallisation, facilitates the provision of samples for beamline testing, and is of particular importance

in supporting the preparation of samples for which timing, consistency of environment, and minimal

disruption by transport and handling are important. These factors will remain unchanged for projects

at SLS 2.0.

In addition, the provision of lab space for the CF at SLS 2.0 is essential for the continued develop-

ment and implementation of two projects of prime strategic importance for the future of macromolec-

ular crystallography at the PSI, namely fragment-based drug discovery for industrial partners (FFCS

pipeline) and serial crystallography and its time-resolved variants using solid supports or liquid jets

(SSX and SFX). These demands and constraints placed upon beamline properties by these projects are

discussed elsewhere, but the consequences for the future space requirements of the CF are as follows:

FFCS: In a fragment screen, every soaked crystal is an independent and unique assay of binding for

a particular fragment, and both positive and negative results have meaning. To ensure that reliable

information is gathered in every case, consistency, precision, and traceability are required at each

stage of the project: crystal growth, fragment dispensing, crystal soaking, crystal harvesting, crystal

storage, data collection and data analysis. All of the preparative steps (from crystal growth to storage)

are performed in the CF.

Storage of the fragment library, robotic dispensing of fragment screens, and robot-assisted high-

throughput crystal harvesting employ sensitive and expensive equipment and materials, placing par-

ticular demands on space. At present, the equipment is located in an adapted section of the X06DA 3

lab. However, this is a sub-optimal arrangement because the lab is a frequently-used communal

space, with conflicting experimental and environmental demands. In the future, provision of a dedi-

cated space for the FFCS equipment would best ensure consistency and continuity of performance for

these instruments. Since FFCS campaigns require frequent di↵raction-guided optimisation and will

be closely integrated with industrial beamtime and data collection, it is sensible for this space to be

at the SLS.

SSX and SFX: Experiments using solid supports or liquid jets to introduce crystals into the beam are

regularly employed by Structural Biologists at the SwissFEL and SLS. These methods facilitate data

collection for samples that are particularly susceptible to radiation damage, samples that are unstable
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in traditional cryo-crystallography, samples where room-temperature data collection is required, and

samples where rapid-mixing or photo-triggering is to be used for time-resolved experiments. The MX

Sample sta↵ are developing methods for growing crystals suitable for SSX and are involved in the

development and testing of new delivery methods at the SLS and SwissFEL.

SSX places exquisite spatial and temporal requirements on sample preparation. The experiments

often require large volumes of samples that are fragile and evanescent in nature, demanding careful

environmental control, and rapid and specialist handling. It is therefore crucial for success to have

space for sample preparation in close proximity to the beamline.

15.8.4 Current lab configuration

The changing nature of the facility has created quite di↵erent demands and constraints on physical

space and location. The facility space has grown and been reshaped in recent years, in an organic

fashion contingent on the vacation of rooms by other users. The facility presently occupies two rooms:

X06DA 3: A 38 m2 temperature-controlled lab space adjacent to X06DA, which houses crystallisation

robotics, crystal-plate imaging equipment, a preparative wet-lab, and the recently-installed equipment

for the fragment-based drug discovery pipeline (FFCS).

WSLA/026: A 44 m2 lab space containing additional crystallisation robotics and a preparative

wet-lab, a 9 m2 cold room with a crystallisation robot and a crystal-plate imager, and various small

instruments and storage.

15.8.5 Planned lab configuration for SLS 2.0

This configuration is not optimal, as it requires users regularly to cross the storage ring to access

some instruments, and necessitates duplication of wet-lab resources. In particular, the X06DA 3 lab

space is overcrowded following the addition of FFCS equipment. SLS 2.0 provides an opportunity

to reconfigure the CF space, to retain current capabilities and improve operation for the future. We

have planned a rearrangement of the facility space that would allow for beamline expansion, be more

e�cient and ergonomic for CF users, and provide dedicated space for FFCS and SSX. A floor plan

showing the planned labs for FFCS and SSX is shown in Figure 15.21.

The CF will consist of a suite of rooms:

1. A general access CF lab space situated in the centre of the ring in labs WSLA /026 and 028. This

will house the preparative lab equipment (centrifuges, pH meters, spectrometers, de-ionised water

supply etc.) and the current cold-room crystallisation facility currently located in WSLA/026.

In addition the space will be used for the crystallisation robotics, crystal-imaging and crystal-

handling instruments currently located in the X06DA 3 lab. Location at the centre of the ring

will also enable CF activities to continue during the SLS upgrade.

2. A separate, restricted-access, temperature-controlled room (or compartment) to house the library-

storage, dispensing and sample storage equipment for the FFCS project.
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3. Two small temperature-controlled wet-lab located between beamlines X06SA and X06DA with

equipment for manual sample preparation. To be used where samples need to be prepared during

the beamtime.

15.9 Concluding remarks

Large research infrastructure like SLS 2.0 provides a unique environment to foster cutting-edge in-

strumentation and methods development for MX. The upgrade of three MX beamlines will exploit

both the source property of SLS 2.0 and the latest technology in intelligent devices, x-ray optics, go-

niometers, x-ray detectors, and integrated data analysis to push MX frontiers and o↵er a data-driven

approach in beamline operation. Autonomous user operation supported by self-driving beamline will

make MX more accessible and enable new sciences from a broader user community.
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[56] Florent Cipriani, Martin Röwer, Christophe Landret, Ulrich Zander, Franck Felisaz, and José An-
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Chapter 16

microXAS 2.0 – a hierarchical, multimodal
4D chemical imaging beamline

D. Grolimund, D. F. Sanchez, C. Bostedt, B. Meyer, and M. Birri

In a nutshell

The visionary aim of the microXAS 2.0 Beamline project is to develop and provide unique

capabilities for Imaging Chemistry in Space and Time in a wide range of reactive sys-

tems at relevant spatial and temporal length scales. The envisioned In-situ 4D Chemical

Imaging allows diverse scientific communities to gain unrivaled insights into the chemi-

cal complexity of hierarchical, heterogeneous materials, including corresponding chemical

reaction pathways and kinetics (‘reactivity’).

The superior brilliance of SLS 2.0 represents a true groundbreaking advance towards reaching

this ultimate goal of microXAS. The spatial resolution will be enhanced by one order of

magnitude (to below 100 nm), the total photon flux on the sample will increase by more than

two orders of magnitude, along with an extension of the accessible energy range up to 40 keV.

This direct impact of SLS 2.0 in combination with innovative methodological developments

will reduce the experimental timescales dramatically. 4D Chemical Imaging (‘space-

time’) will become a most powerful analytical tool to investigate chemical reactions and

biological processes under relevant conditions, covering relevant time frames, and matching

the hierarchical length scales appropriate to probe these systems processes. As a long-term

vision, we aim to pioneer technologies to add energy as a fifth imaging dimension. PSI and

microXAS 2.0 will lead the invention of 5D Chemical Imaging (‘space-time-energy’).

–289–
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16.1 Upgrade motivation, goals, and designated impact

The chemical composition and reactivity of heterogeneous, hierarchical materials plays a most promi-

nent role concerning the behavior of natural systems, functioning of organisms, as well as the per-

formance of technical materials. The capability to study heterogeneous systems and linked chemical

reactions in space and time under ‘real-world’ (native reactive) conditions is of high relevance for

a broad range of chemical, physical, and/or biological processes and has consequently remarkable

potential ramifications in almost all basic and engineering sciences.

To further advance our fundamental understanding of the chemical complexity of matter and re-

lated chemical transformations, it is necessary to develop and implement new methods which will

push the resolution limits of current instrumentation concerning space and time as well as chemical

sensitivity and contrast. Ideally, the advanced analytical methods provide chemical (and physical)

information on all relevant length and time scales, are non-invasive/non-destructive, and are operat-

ing at conditions as close as possible to the real-world reactive environment. Further, the complexity

and heterogeneity of hierarchical materials require a combination of techniques, ideally simultaneously

operational (multimodal), with high repetition rates to capture dynamic (transient) processes.

We propose a hard x-ray based chemical imaging toolbox to answer the questions laid out above.

We will combine multiple advanced, x-ray based analytical tools (e.g., XRF, XAS, XES, RIXS, XRD,

PDF, etc.) with high (nanoscale) spatial and fast (µs) temporal resolution.

microXAS 2.0 corresponds to the ‘revolutionary evolution’ of the existing microXAS beamline. The

existing beamline shall be transformed into a designated hard x-ray nanoprobe facility with the main

scientific focus on high-resolution, dynamic, multimodal, 4D chemical imaging . microXAS 2.0

will o↵er a unique combination of high resolution imaging techniques with several complementary

methods delivering chemical (and physical) contrast accessible with a forefront temporal resolution.

While the vast majority of di↵raction-limited storage ring (DLSR) based x-ray nanoprobe facilities

strive to provide ultimate structural resolution (‘physical imaging’), microXAS 2.0 is targeted to reveal

spatially resolved chemical information, such as elemental composition, electronic structure, molecular

speciation, phase and structure of crystalline materials, nature of amorphous material, and chemical

reactivity. Precise energy tunability and bandwidth selection provide the mandatory spectroscopic

power needed to deliver various advanced chemical contrasts, while dynamic focusing contributes to

the ability to probe hierarchical length scales down to high spatial resolutions below (100 nm).

At the existing microXAS microprobe facility, XRF, XRD, and XAS can be routinely explored as

chemical modalities, while transmission provides complementary structural information. While the

vast majority of chemical imaging work performed at micro-focused beamlines around the globe is

limited to 2D scanning, microXAS took a pioneering role in implementing 3D chemical tomography

approaches. The penetration power of x-rays allows the investigation of intact, undisturbed systems

and thus probing the ‘natural’ reactive environment. Additionally, tomographic chemical imaging fur-

ther limits common 2D-scanning artefacts arising from sample deterioration during preparation (thin

sectioning) or spatial blurring due to extended probing depth (averaging over the third dimension).

Ultimately we aim at chemical imaging on relevant time scales. However, the investigation of

reaction dynamics based on multidimensional chemical imaging is currently still limited to rather slow

processes (seconds to hours). However, very recently, breakthrough progress has been achieved for
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Example of importance of hierarchical Chemical Imaging:

Degradation of Solid Oxide Fuel Cell.
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Figure 16.1: XRF based imaging identifies unexpected Sr-di↵usion process. Simultaneous XRD imag-

ing reveals SrZrO3 precipitation and a linked chemical modification of YSZ at the electrolyte/di↵usion

barrier interface. These reaction products build a thin resistor layer, drastically reducing the device

performance [1, 2].

1D in-situ chemical imaging of phase transformations during 3D metal printing with time resolution

reaching 22 kHz (a collaboration with the Materials Science beamline at SLS and the Photons for

Engineering and Manufacturing group (PEM) within the PSI Photon Science Division) [3]. In addition

to increased detector speed, higher imaging dynamics can also be achieved by exploiting additional

chemical contrast modes. Currently, for example, exploratory studies based on high-resolution XES as

well as full-field 3D XANES tomography are underway, and PDF is being evaluated. Obviously, in all

these scenarios, the available photon flux on the sample and complex motion control are additional and

often primary determining factors concerning the ultimate temporal resolution of chemical imaging.

microXAS 2.0 will enable time-dependent studies of chemical reactions and processes under rele-

vant conditions, covering appropriate time frames, and matching the hierarchical length scales. Such

dynamical chemical nano/microtomography delivers fundamental scientific knowledge to understand

chemical reactivities which are most elementary in various scientific fields such as chemistry, biology

medicine, materials science. For numerous specific scientific challenges new opportunities will arise.

Selected examples are given in the panel below.
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Current and future scientific application fields of 4D Chemical Imaging:

Life Science and Health (3D cytometry in cancer research, dynamic biochemical composi-

tion of cells, cell metabolism of diseases, drug delivery and reaction pathways, biocompatible

materials, implant-tissue interfaces, plant molecular biology, immune responses); Advanced

Manufacturing (dynamic, in-situ process analysis of additive manufacturing techniques); En-

vironmental Science (reactive transport in porous media, subsurface CO2 storage, geothermal

energy, bioaccumulation, bioavailability and toxicity); Energy Research (in-situ electrochem-

ical processes in batteries, solid oxide fuel cells, catalysis); Nanoscience and Nanotechnol-

ogy (single particle reactivity in 3D, fate and reactivity of nanoparticles/wires/tubes, nano-

toxicity, particle-support interactions); Functional Materials (tunable strain analysis, Mott

insulators, nanoelectronic devices); Sustainable Technology and Engineering (corrosion, sus-

tainable cement); Soft Matter (inclusions, crystallinity, single fiber analysis); Nuclear Mate-

rials (fusion reactor materials, irradiation-enhanced material degradation); Cultural Heritage

(pigment degradation, ancient manufacturing techniques, corrosion).

16.1.1 Impact of new storage ring brilliance

DLSRs generally provide nominally the same total flux as present third-generation synchrotron light

sources, but will nonetheless revolutionize chemical imaging capabilities due to their reduced horizontal

emittance. SLS 2.0 will provide an approximately twentyfold improvement in horizontal emittance in

the hard x-ray regime, in combination with new undulators it will also deliver up to a fourfold increase

in spectral flux, thereby o↵ering as much as a factor of 80 improvement in brightness. Consequently,

SLS 2.0 as a DLSR will provide three main advancements for imaging beamlines: (i) brightness, (ii)

coherence, and (iii) higher flux of high-energy photons.

Concerning the future performance of microXAS, the improved brilliance will have a seminal ef-

fect as the e�ciency of focusing is strongly related to source brightness. A reduced source size and

divergence result in smaller spot sizes, higher photon flux densities and enhanced total flux (due to

an upgrade of the insertion device by a reduction in the undulator periodicity from 19 to 15 mm

and increased total undulator length). While the superior brilliance has already a groundbreaking

impact, new opportunities based on access to high-energy photons and the potential of the enhanced

coherence are almost equally decisive. While the coherence will boost the performance and e�ciency

of the nanoImaging Module [4], access to high-energy photons will trigger a significant expansion of

scientific fields and methods (e.g. buried systems, 3D cytometry, strain analysis, nuclear science).

16.1.2 Uniqueness compared to present and planned other BLs worldwide

Most other nano-beamlines under construction or consideration at DLSRs strive towards ultimate

spatial resolution. Nearly all optical concepts are based on ultra-long beamlines with maximized me-

chanical stability (and consequently limited optical and experimental flexibility). Additionally, (all)



16.1. UPGRADE MOTIVATION, GOALS, AND DESIGNATED IMPACT 293

spatial resolution (GF 5)s >

photon flux (acceptance, ID; 100)GF >f

nanoImaging

(GF >5; GF >100)s f

photon flux > 20keV

( 20keV >>100GF @f

@ >20keV: new)

Figure 16.2: Main impact of new storage ring performance on microXAS 2.0. Corresponding gain

factors are given in terms of spatial resolution (GFs) and photon flux on sample (GFf ).

these projects set their main focus on exploring coherence-based methods to investigate structural

features (! physical imaging). In contrast and rather uniquely, microXAS 2.0 is dedicated to hier-

archical, multimodal chemical imaging. In a rather exceptional manner, the beamline concept is

based on the following innovative key features: (i) dynamic focusing schemes, (ii) flexible and fast,

but extremely precise wavelength tunability, (iii) active, feedback-controlled, pointing stability, and

(iv) advanced detection schemes. Already at present, microXAS has demonstrated leadership in mul-

timodal chemical tomography as a high level variant of chemical imaging. The SLS upgrade and the

adapted beamline will establish the project in a prime position concerning dynamical chemical tomog-

raphy – being unrivaled by any competing beamline project in terms of the number of simultaneous

chemical modalities in combination with the provided spatial and temporal resolutions.

A unique feature of microXAS is its role as a hard x-ray microprobe for radioactive samples.

Already the present status represents world-unique chemical imaging capabilities (e↵ective micrometer

spatial resolution) for active materials. Upgraded microXAS 2.0 features, in combination with recently

implemented advanced sample preparation capabilities (e.g. the focused ion beam system for active

samples in the PSI hotlab), will further increase, or at least secure, the present lead. In view of

pressing nuclear challenges such as nuclear waste storage, or power plant decommissioning on the one

hand, and nuclear research related to next-generation plants and fuel materials or fusion reactors on

the other, a high potential impact can be assigned to the ‘active nanoprobe’ for the coming years.
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16.1.3 Complementarity to other PSI beamlines

The microXAS Beamline Project is a complementary and integral part of the advanced hard x-ray

imaging program at SLS. While cSAXS strives for ultimate spatial resolution and TOMCAT is ded-

icated to ultimate time resolution of physical imaging, the unique core competence of microXAS

is in chemical contrast modalities in >3D imaging. The synergistic and e↵ective collaboration is

reflected by numerous joint scientific projects (in-house and user projects) and corresponding publi-

cations (e.g. [5–7]). Further, based on the broad range of x-ray techniques used in the multimodal

chemical imaging approach of microXAS, numerous interactions with other beamlines are maintained

(e.g. knowledge transfer and scientific collaborations with superXAS, PHOENIX, MS, and PX). As

an example, most recently, a productive collaboration with MS was established to foster activities

related to fast in-situ process analysis of advanced manufacturing methods [3,8]. In terms of chemical

dynamics, microXAS 2.0 o↵ers complementarities to the SwissFEL beamlines and related activities

within LSF, already with numerous corresponding past and ongoing collaborations, see e.g. [9].

16.1.4 Impact on user community and industrial use

Access to microXAS 2.0 will definitely become more competitive. The upgraded beamline will attract

new, high-impact science areas. Expected growth areas are: life sciences, industry-related materials

science, nano-science and nano-technology, medical/pharmaceutical sciences, and energy research.

Qualitative (scientific impact) growth areas are: environmental sciences, geochemistry, and nuclear

sciences.

In the past, proprietary industrial R&D was performed at microXAS for a range of industries,

including fine chemicals, nuclear power plants, nuclear fuel producer, cement industries, waste man-

agement organizations, and catalysis. With enhanced, dynamic in-situ 3D characterization capabilities

of reactive materials, a noticeable growth of industry-related interest can be expected (catalysis, energy

storage and conversion, medical/health as well as pharmaceutical). Based on proactive e↵orts (sup-

ported by park innovAare and ANAXAM [10]), the recognition of the potential of chemical imaging

is already growing (e.g. sustainable cement, corrosion studies, drug application).

A large potential for interaction with industries is recognized in the area of advanced manufactur-

ing, mainly triggered by our drastically improved and unique capabilities to detail in-situ processes

during additive manufacturing (e.g. 3D metal/ceramics printing [in collaboration with PSD-PEM and

ANAXAM]).

Once intracellular resolution is ‘routinely’ achieved even for trace elements, an enormous potential

will arise in the fields of biomedical, pharmaceutical, and molecular biology.

16.2 Conceptual design

16.2.1 Floor location (sector X08)

Within the SLS 2.0 upgrade path the microXAS beamline is proposed to move from the long straight

X05 to the short straight of Sector X08. A conceptual sketch of the proposed realization of the optics

hutch, the experimental hutch, as well as the related infrastructure facilities such as control room
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and preparation or engineering laboratories is illustrated in Figure 16.3. A realistic 3D representation

of microXAS 2.0 to be built at Sector 08 is shown in Figure 16.4 and stresses the locally enhanced

clustering of relevant general infrastructures such as SLS loading zone, main gangway (”passerelle”),

and beamline essentials.

Figure 16.3: Proposed arrangement of the microXAS beamline after relocation to Sector X08. Light

blue areas correspond to floor space assigned to the control room and preparation or engineering

laboratories. Lead-shielded optical and experimental hutches are indicated by violet areas.

16.2.2 Source (machine and insertion device)

Taking advantage of the new ‘optical’ opportunities o↵ered by the superior SLS 2.0 brightness, the

replacement of the existing U19 and the installation of an advanced insertion device – a cryo-cooled

permanent magnet undulator CPMU15 – is proposed. Compared to the present situation, the device

length will be increased from 2 meters to 3 meters. First of all, this replacement of the radiation

source will result in a gain in total photon flux by about factor of five at lower energies and a factor

of more than 30 (!) at energies above 20 keV. Further, considering the gain based on acceptance

and reflectivity, a total flux gain of more than 100 results at the presently accessible high-end energy

range (⇠ 17 to 22 keV). Even more importantly, however, the scientific communities using chemical
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Figure 16.4: 3D representation of microXAS 2.0 to be built at Sector 08.

imaging will gain access to higher energy photons. As detailed in the previous section, high-energy

photons are of utmost importance for a broad range of new imaging modes, concerning ‘real-world’

(in situ) measurements using containments or studying buried systems, as well as regarding nuclear

chemistry. The remarkable improvements in terms of brightness, photon flux density, and photon

flux are illustrated in Figure 16.5, comparing the present U19 (with two meters length, operated at

2.5 GeV) with the designated CPMU15 (three meters length, operated at 2.7 GeV).
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Figure 16.5: Resulting increase in brightness, photon flux density and total photon by the upgrade of

the SLS machine (DLSR, 2.7 GeV) and insertion device replacement (CPMU15).
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Further, in the context of white-light operation and the proposed 5D chemical imaging, first con-

ceptual studies of a specialized U14/U15 operation mode have been conducted by the insertion-device

group at PSI. A tilting option of the U14/U15 turns out to be very promising for the production of a

continuous white light spectrum, highly beneficial for 5D chemical imaging. As shown in Figure 16.6,

the width of an undulator harmonic can be broadened, resulting in a nearly constant intensity distri-

bution over an extended energy range of ⇠ 200 eV. This potential feature opens interesting prospects

for 3D/4D chemical imaging based on dispersive XAS by o↵-axis di↵ractive optics [11].
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Figure 16.6: Insertion device tilting. Proof of principle towards pink beam light spectrum smoothing.

(data courtesy of M. Calvi & Th. Schmidt, PSI)

The relevant source parameters [12] are listed in Table 16.1, while the corresponding phase space

representations of the electron beam and the photon source point for photon energies of 5 keV and

25 keV are given in Figure 16.7. A comparison with the present source readily reveals the remarkable

improvements. The source size (�) is reduced from 95⇥5.5 µm2 to 20⇥4.5 µm2. Further, the vertical

divergence is reduced from 11 to 3.5 µrad, while the horizontal divergence is significantly reduced from

56 to 7.9 µrad.

16.2.3 Front end

It is expected that a modular set of common, ‘standard’ front end components for most SLS 2.0

beamlines will be conceptualized and installed. For the microXAS 2.0 beamline the front end will

include first a fixed beam mask, a blade, a transmission quadrant x-ray beam position monitor, a

movable diaphragm, high heat load white beam slits, a combined heat absorber and photon shutter
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Parameter SLS X05 SLS 2.0 X08

hor. emittance [10�10 mrad] 56 1.56

vert. emittance [10�10 mrad]† 0.56 0.156

hor. e-beam size [� µm] 215 [95‡] 11

vert. e-beam size [� µm] 5.5 4.5

hor. e-beam divergence [� µrad] 58 7.9

vert. e-beam divergence [� µrad] 11 3.5

@ 5keV

hor. photon beam size [� µm] 215 [95‡] 20

vert. photon beam size [� µm] 6 5.2

hor. photon beam divergence [� µrad] 68 11

vert. photon divergence [� µrad] 14 9.3

@ 25keV

hor. photon beam size [� µm] 215 [95‡‡] 20

vert. photon size [� µm] 5.5 4.7

hor. photon beam divergence [� µrad] 68 8.6

vert. photon divergence [� µrad] 12 6.3
† 10% coupling ‡virtual source size

Table 16.1: Comparison of source parameters.

unit, and a final heat load filter (⇠ 200 µm CVD diamond). As alternative for the movable fixed-

aperture diaphragm, a combination of two consecutive fixed-aperture diaphragms can be envisaged

yielding a dynamic aperture diaphragm.

In addition to its radiation-safety-related functionality, the microXAS 2.0 front end concept has

to be optimized towards minimal heat load transmission. Reducing the power leaving the front-end

is crucial in minimizing the contributions of heat bumps developed on optical elements to the total

figure error.

16.2.4 Optics

General optical concept

Exploiting the full potential of SLS 2.0 as a DLSR requires an adapted beamline to transfer and

maintain the superior source qualities (flux, brilliance and coherence) to the sample. Each link of the

instrumentation sequence thus has to be optimized. First, an optimized x-ray source (e.g., CPMU

U15) has to be installed to maximize benefits from the new machine characteristics. Subsequently,

near-perfect optical components are crucial. The pointing stability has to be guaranteed by inno-

vative diagnostics and feedback control systems. Advanced experiments require dedicated samples

environments and sample-manipulation capabilities.

In terms of beamline adaptation, the optical scheme is of central importance. A dynamic optical
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Figure 16.7: Phase space representation of the source characteristic. A comparison between the present

situation at SLS-X05LA with expected conditions for SLS 2.0 are given for the lower energy limit of

5 keV. (Note the di↵erent scales for horizontal and vertical dimensions.)

scheme with high flexibility was conceptualized. Both the spatial as well as the spectral resolution can

be dynamically adjusted to the requirements of the scientific question and/or system to be investigated.

The spatial resolution dynamics allow for hierarchical imaging, while the spectral resolution dynamics

open up opportunities for novel chemical imaging modes, as well as an improved temporal resolution.

With regards to the spectral resolution dynamics, the beamline concept includes flexible and fast

wavelength selection by a 2-bounce, fixed-exit double crystal monochromator. Flexible tuning of the

beam energy to and/or across various elemental resonances represents a fundamental prerequisite

of chemical imaging. In addition to the high spectral resolution mode (monochromatic mode), two

additional modes are proposed. Based on multilayer optics, the spectral bandwidth of the primary

x-ray beam can be adjusted to capture a full width of a harmonic of the undulator (pink beam

mode). The resulting remarkable gain in photon flux would enable a much enhanced acquisition

speed in multimodal chemical imaging (e.g. based on XRF or XES chemical tomography). Finally,

the microXAS beamline will continue to o↵er a white-light mode. This mode, in combination with

new, energy-resolving pixel detector technologies, will lead in the near future to innovative chemical

imaging concepts based on polychromatic Laue XRD. Such original imaging can be expected to change

dramatically the analysis of single phase/multi grain/multi phase systems (e.g. defect location and

evolution, grain orientation, strain and stress analysis, fast phase identification in complex systems,
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etc.).

The dynamic optical scheme further results in advantageous spatial-resolution dynamics. First of

all, a nearly instantaneous transition between focused beam and unfocused direct beam is feasible.

This provides the unique opportunity to combine full-object 3D structural or chemical information

(full-field mode) with high-resolution chemical tomography data [line tomography or spiral golden ratio

tomography mode (combination of [13–15])]. Second, the optical concept strives for full flexibility of

the nano-/micro-focusing. The foreseen dynamic focusing scheme will include the opportunity of a

fast swap between two-step and one-step focusing. While one-step focusing minimizes the impact

of imperfect optics (e.g. for coherence based high-resolution focusing by di↵ractive optics), the two-

step approach o↵ers a dynamic trade-o↵ between flux and resolution. By implementing such a dual

concept, the beamline can be optimized for either highest photon flux (and time resolution) or best

spatial resolution. This strategy is further optimized by implementing two focusing modules based

on achromatic reflective Kirkpatrick-Baez (KB) optics. One module is dedicated to the ultimate

spatial resolution ( 200 nm), but constricted by limited acceptance, reduced working distance and

experimental flexibility. The second KB module represents the ‘full-flux’, sub-micron, focusing unit

with large working distance, o↵ering full experimental flexibility (e.g. for implementing exceptional

experimental infrastructures such as in-situ 3D printing devices or picosecond pump-probe setups).

The microXAS beamline has extensive experience in successfully operating such a dynamic modular

optical infrastructure.

A schematic of the proposed optical layout of the new microXAS beamline is depicted in Figure 16.8

for the case of nanofocusing with the highest spatial resolution. As described above, a CPMU U15

minigap, in-vacuum undulator serves as the radiation source. The front end includes SLS 2.0 standard

radiation safety equipment as well as an aperture system to reduce bremsstrahlung and the total

radiation power. These apertures in the front end define the maximal angular extension of the photon

beam to approximately ±5� in both, the horizontal and the vertical (⇠ 100⇥ 100 µrad2).

Pre-focusing mirror system

At a distance of roughly 20 m from the source point, the x-rays pass the first optical unit. This optical

system is a set of two mirrors in the classical KB geometrical arrangement. The two flat mirrors

can be dynamically bent, thus providing dynamic and independent horizontal and vertical focusing

capabilities. The mirrors are operated at 2 mrad grazing-incidence angle and have three reflectivity

stripes (Si, Pt, Rh). This configuration allows dynamic focusing of x-rays up to 40 keV without energy

regions disturbed by absorption edges of the coating elements. The tunability of the mirror figure

provides the capability to dynamically tune the prefocusing strength, with three main configurations:

(i) prefocusing in both directions yielding an approximately 1:1 image of the source at the intermediate

focus, (ii) ‘perfectly’ flat mirrors allowing for an undisturbed propagation of the beam, and (iii)

collimated beam for high resolution spectroscopic applications. Additionally, the primary beam can

be focused to about one to two times the original source size at any location within the experimental

hutch, resulting in a unique flexibility regarding non-standard experiments, including their location.

As can be recognized from Figure 16.8, both mirrors employ meridional focusing (elliptical cylinders).

While this approach provides considerable advantages concerning dynamic focusing and selection of
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Figure 16.8: Schematic representation of the proposed optical scheme of the microXAS beamline at

Sector X08. Depicted is the case of the achromatic nanofocusing with high spatial resolution based

on an intermediate focus acting as a secondary source.

reflectivity stripes, slope errors have more severe deterioriation power in the meridional direction

compared to sagittal focusing. This issue is accentuated for the vertical deflecting mirror for which

gravity acts in the mirror meridional direction, potentially contributing to the total figure error.

Consequently, these mirrors have to be of superior optical quality with final meridional figures of error

of less than 0.2 µrad rms. Accordingly, the mirror length has to be optimized regarding the achievable

figure error and maximized acceptance.
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Spectrometer system

The modular spectrometer unit has to be installed in the closest possible proximity to the prefocusing

system. The location is dictated by the strong preference for a larger beam extension to minimize

the magnitude, spatial gradients and corresponding negative impact of the thermal bump developing

on the first crystal or multilayer of the monochromator. The spectrometer unit consists of two main

components: (i) a fixed-exit double-crystal monochromator (DCM) and (ii) a double- (or triple-)

multilayer monochromator (DMM/TMM).

The DCM is equipped with three sets of monochromator crystals, namely Si(111), Si(220), and

Si(311), and provides monochromatic radiation with selectable spectral resolution. The achievable

energy resolution varies from �E/E of 2.5 ⇥ 10�4 for Si(111) crystals operated in vertical deflection

in combination with a non-collimated beam, to 3⇥ 10�5 for a pair of Si(311) crystals illuminated by

a collimated beam.

The DMM/TMM system serves multiple purposes. Firstly, the unit can be used to produce a

high-intensity, polychromatic beam with a spectral bandwidth of approximately �E/E = 10�2. The

corresponding increase in photon flux compared to monochromatic radiation o↵ers novel opportunities

for high-speed chemical imaging. Secondly, the same system can act as a kick-back unit, allowing to

bring back the trajectory of the monochromatic beam to the pink beam pathway. The realization of a

TMM would lend two additional main benefits. Firstly, the beam path of the monochromatic beam,

that of the polychromatic radiation, as well as the pink beam, could be matched. Consequently,

all three types of probe beams on a sample could be interchanged with minimal time delay. Sec-

ondly, the o↵set between monochromatic and polychromatic beam trajectory would vanish, allowing

a considerable reduction in vacuum pipe diameter and related engineering and instrumentation costs.

The choice of deflection geometry of the DCM/D[T]MM is a serious optical design issue of the

beamline upgrade. While a horizontally di↵racting geometry would be favorable in terms of mechan-

ical stability, the smaller vertical source size and the reduced vertical beam divergence provide an

enhanced energy resolution in the case of vertical di↵raction. Furthermore, due to the linear horizon-

tal polarization of the CPMU15 radiation, the classical vertical geometry yields higher e�ciencies of

the DCM, in particular at lower energies (5 to 8 keV).

Achromatic focusing units

As a natural evolution of the successful present installation, two achromatic focusing units are fore-

seen. The first unit (‘microKB module’) is characterized by a large acceptance and therefore high total

photon flux, as well as an extended working distance, allowing the installation of complex sample envi-

ronments or detection schemes. The minimal spot size delivered by the reflective optic is of the order

of 500 nm, but can be enlarged dynamically. The second achromatic focusing unit (‘nanoKB module’)

strives for a minimal spot size of 100 to 200 nm, while nevertheless providing an experimentally useful

working distance. Both units are operational up to 40 keV, due to an incidence angle of the mirrors of

2 mrad and three coating stripes (Si, Rh, Pt). For both units, the required elliptical shape of the two

independent, orthogonal mirrors is achieved by means of dynamical bending. Mirror positioning and

bender mechanics as well as the corresponding vacuum enclosure are integral (non-removable) parts

of the beamline optics infrastructure.



16.2. CONCEPTUAL DESIGN 303

As mentioned before, the designated microKB module has a spatial resolution target of 500 nm.

A large working distance can be achieved by direct demagnification of the ID source point. For

both dimensions, geometrical demagnification yields a spot size of  300 nm. However, due to the

reduced numerical aperture of the vertical focusing mirror (with the more extended image distance),

the achievable spot size will be enlarged at lower energies (5 to 10 keV), due to the corresponding

di↵raction limits. However, as the source is imaged directly, thee most crucial aspects concerning

achievable spot sizes are the figure errors of the upstream optics (the two flat prefocusing mirrors and

the first elements of the DCM or the DMM systems).

Extensive ray-tracing simulations [16] indeed indicate, as expected, that thermal deformations of

the monochromator crystals/multilayers are the most critical potential contribution to beam-spot

degradation (’blurring’). A corresponding ray-tracing realization is shown in Figure 16.9. For the

represented simulation, both prefocusing mirrors as well as both 300-mm-long KB mirrors have average

slope errors of 0.2 µrad rms, while the anticipated extension of the thermal bump on the first Si crystal

of the monochromator results in a slope error of 0.5 µrad. While such beam simulations support the

basic feasibility of the chosen optical concept, the central importance of the monochromator thermal

bump and the figure error of the vertical KB mirror with its large image distance are clearly stressed.

Obviously, heat-load management is a central concern in the final technical design of the beamline

optics.

The nanoKB module is optimized towards minimal nanometric spot size. The chosen optical

configuration represents the achievable optimum between numerical aperture (NA), working distance,

and acceptance. A fixed defining parameter is the grazing angle of 2 mrad dictated by the design

parameter of the upper energy cut-o↵ of 40 keV.

A detailed evaluation process revealed that an optical concept using an intermediate focus is supe-

rior, in various aspects, to a focusing scheme without prefocusing. Briefly, the main advantages are

acceptance, susceptibility to beam motion, dynamic source size definition, and rejection of harmonics.

Further, the dynamic aperture defining the secondary source size extension is acting as a clean-up

‘filter’ for aberration e↵ects of optical elements upstream of these slits. X-ray tracing simulations

confirmed a reduced impact of the prefocusing mirror aberrations as well as of the thermal bump of

the monochromator unit. The main limiting factors to achieving geometrical or di↵raction-limited

spot sizes are the figure errors by the nano-KB mirror.

Based on the chosen acceptance (200 µm based on a 100 mm long mirror at 2 mrad) and an

e↵ective working distance of 60 mm (with a focus distance of 120 mm of the last nanoKB mirror) the

secondary source is demagnified by factors of 40 and 75, respectively. Accordingly, without any further

aperturing at the intermediate focus, the nanoKB beam spot is 350⇥ 200 nm2. At 5 keV, this beam

would be already di↵raction limited in the vertical direction (due to the limited numerical aperture).

By trading in photon flux for enhanced resolution and limiting the horizontal secondary source size,

the horizontal di↵raction limit of 120 µm at 5 keV can be reached (assuming near perfect optical

characteristics of the KB mirrors). With increasing beam energy, reducing the secondary source size

in both directions can generate a di↵raction-limited beam of ⇠ 100⇥ 100 nm2. Obviously, in order to

reach such a challenging goal, the optical quality of the KB mirrors must be matched accordingly. As

bendable mirrors are employed, an x-ray tracing simulation based on rather conservative figure-error

assumptions (0.2 µrad for both nanoKB mirrors) was performed. As can be seen in Figure 16.9, the
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final figure error has to be considerably below this value. This statement holds up in particular for

the vertical focusing mirror with the more extended working distance. For the same optical geometry,

improved figure errors of 0.1 µrad, as well as a reduced secondary source size of 10⇥ 5 µm2, provide

a nanoscopic spot of 100 ⇥ 150 nm2. Clearly, a total figure error of 0.1 µrad represents extremely

demanding optical specifications for dynamically bent mirrors. As an alternative to bendable KB

mirrors, fixed-figured elliptical optics with figure errors as low as 0.03 µrad are nowadays provided by

a limited number of commercial vendors. Nonetheless, based on the numerous advantages of dynamical

focusing, there is a strong preference for bendable mirrors. Current progress in optics fabrication as

well as bender engineering is closely followed by the microXAS project team and corresponding new

advances are included in the continuous optimization of the nanoKB module.

NanoImaging Module

Based on the past successes of the hard x-ray nanofocussing activities at microXAS in terms of scien-

tific results as well as impact on other SLS beamline facilities (e.g., [17, 18]), but also considering its

future potential being leveraged by the advanced SLS 2.0 characteristics, it is imperative to transfer

the nanoImaging module [4] activities as an innovative toolbox to the SLS 2.0 microXAS beamline.

Complementing reflective optics schemes with di↵ractive optics allows one to extend the spatial res-

olution of a hard x-ray nanoprobe facility to its theoretical limits. Taking advantage of the superior

coherence of the SLS 2.0 beam and the PSI-driven development of novel di↵raction-based optics (high

e�ciency kinoform linear zone plate setup), one can obtain very high focused flux even for higher x-ray

energies (⇠ 20 keV and higher) into a focal spot of 50 to 100 nm. In combination with the source

characteristics of SLS 2.0, even the present system would deliver a spot size of 100 nm [4]. Considering

a realistic progress in lens manufacturing, a target spot size of 50 nm appears feasible. It is foreseen

to strengthen current e↵orts to achieve energy-scanning capabilities of such a linear zone plate setup

(complex motion control of the two lenses with advanced real-time alignment feedback).

As an innovative strategy, the nanoImaging di↵ractive lens system in combination with polychro-

matic radiation and an area detector can act as an energy-dispersive setup by illuminating the di↵rac-

tive optics only partially in an o↵-axis mode [11]. This would allow one to conduct XANES tomography

in an energy dispersive mode with high spatial resolution without the need for technically challenging

focusing by bent monochromator crystals [19].

16.2.5 Beam stabilization

Pointing stability in position and angle is absolutely crucial for multidimensional chemical imaging

with (sub-)micron spatial resolution. Beam pointing stability will become an even more critical is-

sue for the high brilliance beams of microXAS 2.0 compared to today’s situation. As a strategic

development, the microXAS beamline project is already contributing to an advanced and innovative

beam-position feedback system [20]. microXAS entered a productive collaboration with the Labora-

tory for Micro- and Nanotechnology (LMN) to develop and implement a ‘next generation’ inline beam

monitoring concept. In combination with an active, kHz feedback control loop linking the monitoring

information to fast optical corrector actuators, an excellent beam pointing stability can be achieved,

especially critical during spectroscopic activities involving energy scanning. A pilot instrumentation
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Figure 16.9: Optical feasibility studies for the microKB module (left) and the nanoKB module (right)

by ray tracing [16], and employing realistic figure errors. In the case of the shown performance of the

nanoKB module, the aperture at the intermediate focus was set to the geometrical focus spot size of

26 ⇥ 8 µm2 (no reduction of secondary source size, only ’clean-up’). Red circular lines represent the

2� beam extension for the case of optics without figure errors. Note the di↵erent scales in the left and

right panels.

most recently installed at microXAS resulted in a pronounced reduction of pointing instabilities by

more than an order of magnitude. For an extended energy scan of 800 eV (typical range for EXAFS

scans) the total amplitude of the pointing instabilities for a micro-focused monochromatic beam was

below 200 nm.

16.2.6 Experimental endstation modules

The strategy concerning endstations represents a derivative of the well-proven concept of microXAS

based on three main experimental platforms. This allows one to maintain the highly appreciated

level of experimental flexibility o↵ered by the present experimental infrastructure. The three focusing

modules microKB, nanoKB, and nanoImaging, in combination with the modular sample manipulator

are the main endstation modules. There are two movable optical tables in the experimental hutch. The

upstream table hosts the microKB module characterized by its large working distance. Accordingly,

in-situ studies, user-engineered experimental setups, non-standard techniques but also time-resolved

studies involving pump lasers are conducted within this area. Further, the nanoImaging module has to

be placed on the upstream table while in use. The second, downstream optical table is mainly dedicated

to experimental investigations involving the nanoKB module. This endstation module requires a much

higher degree of mechanical and engineering stability to guarantee high spatial resolution on a routine
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Figure 16.10: Existing pilot implementation and planned extension of an integrated fast x-ray beam

position stabilization closed-loop system of the microXAS beamline.

level.

The measurements involving radioactive sample can be considered as an additional endstation

module. However, based on the past years’ experience, a new, modular concept will be negotiated

with the Federal O�ce of Health (Bundesamt für Gesundheit, BAG). As a new strategy, di↵erent

levels of mandatory (temporary) local shielding should be defined based on the radiation type and

dose of the samples. Active samples exceeding the exemption limits are measured using the microKB

module on the upstream experimental table. Samples with activity levels below the exemption limit

can be analyzed using all endstation modules.

Sample positioning and environment

Parallel to the expected reduction in spot size, the sample position accuracy and stability has to kepp

in step. A next-generation chemical tomography module has already been conceived by the microXAS

project. The unit is soon ready for commissioning within the existing beamline infrastructure. The

system allows for complex multi-dimensional motions based on the synchronized motion of several

independent actuators. Furthermore, the design includes an integrated slip ring unit, providing the

capability of fast and continuous rotation of the main axis. As a result, the overhead time can be

dramatically reduced and, in addition, advanced data acquisition schemes such as spiral golden ratio
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tomography can be implemented. The factory acceptance tests revealed a spatial stability of less

than 25 nm run-out without any active correction employed, a value already compatible with the

requirements for measurements based on the nanoKB endstation of the microXAS 2.0 beamline. The

corresponding technical 3D model and experimental stability data are given in Figure 16.11.

The present manipulator system already fulfills the technical requirements of the designated mi-

croKB module and can simply be transferred without major adaptations.

Based on the observed trends concerning needs of the di↵erent user communities, cryogenic mea-

surement conditions, as well as the implementation of various in-situ/operanto setups represent key

aspects. Activities have been initiated to address the related instrumental upgrades.

Figure 16.11: Ongoing development of a ‘SLS 2.0-ready’ chemical tomography sample manipulator

module.

Detectors

microXAS just completed the (partially third-party funded) ‘Factor X’ detector upgrade program.

Multiple state-of-the-art XRF detectors with modern pre-amplifiers coupled to high throughput read-

out electronics as well as a DECTRIS 4M EIGER system are now integral elements of the chemical

imaging setup. Based on a PSI 500K EIGER and a third-party funded PSI 1M EIGER (in produc-

tion), a MS/microXAS – detector-group joint initiative is currently pushing the limits of temporal

resolution (operational frame rate of 22 kHz at present [3] and successful pilot studies with 70 kHz).

The midterm perspective includes 2D detector systems capable of even higher frame rates, as well

as energy-resolving pixel detectors (such as MOENCH) as essential upgrades to extend the chemical

imaging capabilities of microXAS 2.0 even further (towards 5D Chemical Imaging).
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As a part of our e↵orts to extend the number of parallel analytical modes applicable for chemical

imaging at microXAS, considerable e↵orts are being made to include advanced spectrometer-based

detection schemes in 2D chemical imaging (e.g., [21]) or even in 3D, such as XES tomography (work

in progress). In addition, by the development of SiC based, miniaturized quadrant beam stop diodes,

additional transmission modes are accessible.

16.2.7 Controls and data systems

To optimize the temporal resolution and minimize the radiation dose, innovative data collecting algo-

rithms have to be developed to maximize the information content obtained per photon on the sample.

Options to be considered include high-speed data acquisition with ‘zero’ motion overhead, optimized

detection e�ciency, energy resolving 2D pixel detectors, or minimal oversampling. Such innovative

schemes will be especially beneficial for radiation-sensitive samples.

microXAS 2.0 strives to be a pioneering facility in terms of Industry 4.0 based operation and

control concepts (IoT, digital beamline, complex motion control and real-time quality control feed-

back systems, machine-learning). The implementation of next-generation, etherCAT based beamline

controls will enable original and/or highly e�cient data acquisition schemes. In combination with a

high throughput data collection/processing pipeline, this will result in a dramatic increase of scientific

productivity and data quality.

In parallel with the prescient detector upgrade program (Factor X) currently implemented, the

necessary adaptations and/or improvements of the data acquisition, storage, and processing strategies

have been initiated. No major additional e↵orts or investments are currently anticipated.

16.3 IT requirements

Simultaneous to the Factor X ‘Factor X’ detector upgrade program, microXAS has already initiated

the corresponding IT infrastructure upgrade program. High-end network switches, direct optical fiber

connections to the data server, as well as large storage capacity have been purchased and imple-

mented. Obviously, the corresponding technical infrastructure has to be reestablished after moving

the micoXAS beamline to Sector X08. The higher photon flux of the new beamline, smart motion

control, and higher frame rates of advanced area detectors will definitely lead to a continuous growth

in terms of data volume produced per user day. Considering the recently realized upgrades, however,

only moderate adaptations to the present IT infrastructure appear to be required, mainly a steady

increase of the intermediate and long-term data storage volume.

The real-time pre-processing of the increasing raw data volume simultaneous to data collection

requires attention. The possibility of prompt inspection of data quality is most crucial to successful

experimental campaigns. However, considering the expected data production rates, no substantial

investment in IT infrastructure is anticipated for 4D chemical imaging.

The situation will change, however, with the introduction of 5D chemical imaging based on fast,

energy-resolving area detectors. First pilot studies using a single MOENCH module have revealed un-

ambiguously the need for a dedicated server and high volume storage infrastructure for data collection

as well as computing capacity for raw data processing.
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16.4 Timeline

The microXAS project is not restricted by rigid constraints imposed by existing long-term industrial or

scientific contracts. However, the relocation of the beamline project from a long straight to a standard

short straight requires major redesign e↵orts and construction works. In principle, the adaptation of

microXAS to SLS 2.0 has to be considered in e↵ect to be the construction of a new beamline. This will

lead to an extended upgrade period required to complete all the civil engineering works, installation of

major optics elements, and endstation infrastructures. Although ostensibly an undesired aspect, one

can make a virtue out of this necessity by allowing for additional flexibility in assigning planning and

realization periods. The drawback of a slightly longer downtime will certainly be outweighed by the

quality gain of the final realization. Further, this flexibility will be to the benefit of other beamlines

with severe constraints. These projects can be assigned priority during peak times during the regular

machine dark period.

Despite this planning flexibility, the major civil engineering work has to happen within the machine

dark period. The installation of the lead shielded optics and experimental hutches and main heavy

optical components has to be completed before the end of the shutdown period. As soon as light

will be delivered by the upgraded SLS machine, commissioning of the new optics components must

begin. Given the technically straightforward conversion of the exisiting FEMTO-KB system into the

new microKB module, combined with the presently already available sample manipulator, the current

user activities can be continued without further delay – with the significantly improved performance

parameters.

In parallel with these immediate (expert) user activities, the final implementation and commis-

sioning of the nanoKB module can occur. The nanoImaging module is available immediately after

the start of SLS 2.0 operation with 100 nm spatial resolution. Further upgrades of this di↵ractive

lens system, e.g. to 50 nm spatial resolution, active energy tracking, or o↵-axis dispersive XAS, are

scheduled to take place subsequent to the resumption of full user operation.

16.5 Cost and funding program

At present, a reliable cost estimate is rather challenging for the specific case of the microXAS upgrade.

For the microXAS beamline as a ‘red-red-red’ beamline, the required investments for beamline infras-

tructure can potentialy be close to the grand costs of a new beamline. At this stage it is in particular

unsure to which extent the reuse of components (e.g. lead shielding, front-end components, supports

and vacuum chambers, etc.) can contribute to the microXAS cost saving program. Obviously, major

e↵orts are made to re-use existing, well-proven components such as vacuum components, XBPM units,

microKB unit, or sample manipulator.

Inevitable beamline optics related investments include

i prefocussing: two dynamic 1D focusing mirrors in KB arrangement. Fully dynamic focusing

but optimized for the three modes: (1) flat, (2) collimating, and (3) focusing. Elliptical figure.

2 mrad incidence angle. Multiple stripe coatings (Si, Rh, Pt).

ii monochromator, energy range ⇠ 4 to 40 keV, multiple crystal pairs [Si(111), Si(220), Si(311)].

Either existing vertically di↵racting fixed-exit DCM or new horizontally deflecting system with
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reduced o↵set.

iii kickback system: double multilayer monochromator, cryo-cooled (on same cryo-cooler as DCM).

Ideally triple multilayer monochromator.

iv microKB: full flux KB (existing FEMTO-KB bender system with new mirrors, 2 mrad incidence

angle, multiple stripe coatings (Si, Rh, Pt).

v new high–performance nano–KB, 2 mrad incidence angle, limited working distance

A conceptual sketch of the hierarchical upgrade plan of the beamline optics is given in Figure 16.12.

Figure 16.12: Conceptual sketch of the hierarchical upgrade plan .

microXAS has a recognized track record in obtaining funding for strategic instrumentation invest-

ments to continuously advance the facility. For example, recently, microXAS has initiated a strategic

upgrade program related to advanced detection capabilities (EIGER 4M, FalconX). To match the

advanced source quality and expected optical quality of the beamline, proposals for related innovative

endstation instrumentations are already or will soon be submitted. At present, strategic areas are,

among others, beam position feedback system (CROSS, ACCURAT; recently funded/submitted, col-

laboration with LMN), dynamic and non-equilibrium end systems (pump and heating lasers; R’Equip,

considered), cryo-tomography (CROSS, pilot phase recently funded), computer-aided sample position-

ing (R’Equip, LEAPS, considered; collaboration with PX).

16.6 Concluding remarks

The clear ambition of microXAS is to have global leadership in imaging of chemical heterogeneity and

reaction dynamics in hierarchical systems under real (undisturbed) conditions - in short in-situ 4D

chemical imaging. This would allow a broad range of scientific communities to gain unrivaled insights

into the chemical complexity of heterogeneous, hierarchical materials, the corresponding reactivity, and

chemical transformations. The corresponding scientific knowledge is ideally obtained on all relevant
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length and time scales. As an illustrative example, an as-yet elusive challenge is to image and rationale

under physiological relevant conditions the action and response of a drug application - covering key

processes such as the transport of the applied pharmaceutical compounds through tissue material, the

uptake and distribution into individual cells, the possible metabolism (deactivation and side e↵ects)

or e↵ect of the substance within intracellular compartments.

Going beyond 2035, we will leverage from new technologies that are under development now at PSI

and add energy information as a ‘fifth axis’ to our instrument. New pixel detectors will yield energy-

dispersive information and novel undulator operation modes will allow the creation of a broad energy

continuum. Consequently, sequential 4D chemical imaging by energy scanning can be compressed in

a single white light exposure with the energy information being provided by the pixel detector. Based

on these unique opportunities, PSI and microXAS will lead the invention of 5D chemical imaging

(‘space - time – energy’).
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Chapter 17

ADDAMS: ADvanced Di↵rAction for
Material Science

Nicola Casati, Antonio Cervellino, Dominik Meister, and Michael
Lange

In a nutshell

The MS beamline scientific program spans many disciplines, including geology, chemistry,

physics, and pharmacy. The beamline, operational for powder and surface di↵raction, has

successfully served over 400 academic and 150 industrial user projects over the years.

The SLS 2.0 upgrade will substantially improve all the basic characteristics of the present

instrument. In particular, it will significantly expand its higher photon-energy capabilities,

thus exploiting the present optics setup which is already designed for a higher accessible

photon-energy range.

We propose a beamline dedicated to ADvanced Di↵rAction for Material Science (ADDAMS),

a medium-to-high photon-energy instrument with versatile experimental stations. It will be

based on the novel superconducting undulator (or the refurbished U14, if the former is not

available), making full use of the optics presently available and improving their capabilities.

Three versatile experimental tables will be available to best address all experimental geome-

tries. Such an instrument fits perfectly not only within the Swiss scientific community but, in

particular, within PSI, having clear complementarities and added-value synergies with other

local instruments, and being strongly related to the PSI spin-o↵ Excelsus and the ANAXAM

center.

We believe the upgrade will maintain the ADDAMS beamline among the best performing

instruments in the field, being a world leader for time-resolved di↵raction experiments and

high-quality measurements, while expanding the scope and nature of our total-scattering

and in situ capabilities.

–315–
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17.1 Overview

X-ray di↵raction is a mature technique, more than 100 years old; over the years its importance and

capabilities have grown tremendously. Most solid-state laboratories in the world are equipped with

di↵ractometers, at both industrial and academic institutions, as well as all the major synchrotron

facilities in the world. The need for di↵raction is in fact growing with the amount of materials being

produced and tested, as a more rational design requires a deep understanding of structure/property

relations.

Nowadays, synchrotron di↵raction for materials is mostly devoted to high-quality or challenging

measurements, complex experiments (in situ, operando etc.) and, more recently, high throughput.

Demand in all these capabilities will keep growing in many di↵erent fields. In the pharmaceutical

industry, for example, polymorphs and not compounds are typically patented, which means detection

capability and observation/quantification of minor phases, related to the quality of measurements, are

an increasingly strong motivation for industries to access ever better performing synchrotron facilities.

As coatings, surfaces and interfaces are becoming increasingly technologically relevant, challenging

measurements on thin, deposited layers, requiring a low-divergence source, will grow equally in im-

portance. Disordered, deliberately-defective and amorphous materials are also becoming more and

more relevant, as are the total-scattering methods (TS) used to study their structures [1–3]. These

studies require the high-energy x-rays from synchrotron sources. Multi-wavelength experiments such

as Di↵raction Anomalous Fine Structure (DAFS), bridging the long-range order di↵raction informa-

tion and short-range order from spectroscopy, also require the tunable energy available at synchrotron

sources [4]. Finally, in situ and operando experiments will compete with high-throughput measure-

ments for the understanding and fine-tuning of materials. These two types of studies reflect the ra-

tional approach (understanding the structure-property relationship to achieve desired materials) and

the combinatorial one (trying all possibilities and selecting the best), which are followed in di↵erent

cases.

The Material Science beamline (MS), operational since 2001 [5, 6], is a versatile instrument for

di↵raction experiments, which provides structural information of crystalline and amorphous materials

down to 10 fm resolution. Experiments are typically performed in transmission at the Powder Di↵rac-

tion station (PD), or in reflection mode at the Surface Di↵raction station (SD); these are operated in

series. The large range of energies (5 to 38 keV) and the availability of several in situ and operando

setups are mirrored by the large span of scientific areas to which the beamline has contributed, such

as pharmaceutical studies, condensed-matter physics, chemistry, metallurgy, structural biology, elec-

trochemistry, geology, and material science. The beamline was also the cradle of the photon-counting

detectors. The first strip detector (Mythen) was developed and installed at the PD station more than

15 years ago [7,8]; the SD station implemented and developed the first experiments using the Pilatus

area detector [9–11]. This catapulted the beamline to the forefront of the synchrotron di↵raction

world, in particular with respect to time-resolved studies; its design has been replicated in several
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facilities around the world (e.g. MSPD at Alba, I11 at Diamond, PD at ANSTO, BL02B at Spring8).

The beamline was upgraded in 2011, when the original wiggler source was replaced with an in-

vacuum undulator (U14) and the optics entirely redesigned and commissioned [6]. Since then, on

top of the many publications, the constantly growing industrial usage showcases the quality of the

upgrade. In the last five years, industrial applications have been on average exceeding 10% of the

academic user time, second only to protein crystallography within the SLS.

17.2 Proposed upgrade

17.2.1 Goals – opportunities from the SLS 2.0 machine

Within the SLS 2.0 upgrade we propose ADDAMS, an instrument delivering ADvanced Di↵rAction

for Material Science. The aim of the beamline is to address a wide range of di↵raction experiments

performed with monochromatic radiation, and be a world-leading instrument to probe materials in

action with time-resolved and in situ experiments and highest-quality data. We would maintain the

presently existing and developing framework of the endstations, which delivers a large flexibility in

terms of di↵raction experiment types and geometries. Upgrades, a constant process for any di↵raction

beamline, are in this sense already ongoing, not only in order to match the new machine capabilities,

but also as a result of exploiting the latest experimental technologies. On the other hand, SLS 2.0 and

related developments will deliver some unique features and the possibility for a radical improvement

in several areas.

The improved coherence of the beam will allow the inclusion, in the longer term, of new techniques

for ADDAMS. Bragg Coherent Di↵raction Imaging is already actively pursued at other beamlines

(cSAXS). Less explored and better matched to our strengths and working field is X-Ray Cross Corre-

lation Analysis (XCCA), which can be regarded as an extension of TS methods, exploiting coherent

radiation. XCCA methods can be applied to amorphous and liquid materials, as well as mesoscale

disordered/partially ordered systems, such as colloids, liquid crystals, and interacting nanoparticle

ensembles [12–14].

The increased brilliance of SLS 2.0 will benefit all experiments requiring a round beam or stronger

focusing, without any further modifications. The small lateral size of the photon beam suggests also

some modifications and additions to the optics that will improve performance and ease of operation,

a very important point given the diverse nature of applications which require continuous change. It is

worth noting, in this respect, some user beamtimes are limited to half a shift and in the future even

faster access might be forecast. During the last beamline upgrade (2011) the design for the optics was

forward-looking, being designed for energies up to 40 keV [6]. Due to a lack of competitive flux in the

region above 27-30 keV, however, the full capability was seldom exploited.

Thanks to sharper harmonics from the undulator, the flux at higher energies is set to increase

(see Figure 17.2), even without further upgrades, making TS experiments more e�cient. A proposed

new insertion device would significantly improve these capabilities. This means TS studies could be

performed with application-relevant time resolutions (10 seconds or less) and/or in very low signal-

to-noise-ratio conditions (very dilute specimens), opening up the possibility to compete in a rapidly

growing field. Small additions to the optics (deposition of multilayers on existing elements and an

https://www.cells.es/en/beamlines/bl04-mspd
https://www.diamond.ac.uk/Instruments/Crystallography/I11.html
https://www.ansto.gov.au/user-access/instruments/australian-synchrotron-beamlines/powder-diffraction
http://www.spring8.or.jp/wkg/BL02B2/instrument/lang-en/INS-0000000318/instrument_summary_view
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extra horizontal mirror) will also improve the flux for very fast experiments and improve the general

ease of operation.

17.2.2 Comparison and complementarity to other instruments

The presence of simpler instruments at the laboratory level has created a large community of proficient

di↵raction users which understands synchrotron facilities as the ultimate location to perform more

complex and high-quality experiments. In the future, synchrotron sources will certainly maintain

this advantage from many points of view. Photon flux is certainly one of the main, but not only,

motivation. It enables experiments at time resolutions not available to laboratory sources and brings

the signal-to-noise ratio to unparalleled levels. Brilliance allows one to focus the flux into ever-smaller

samples or into smaller in situ or operando setups. The development, realization and in most cases

usage of such setups are in fact possible only at large-scale facilities. Another clear advantage is the

wavelength tunability, which ensures not only the correct penetration, but also the possibility to work

around elemental edges, to improve contrast or highlight specific elements within a structure. Despite

the many improvements, therefore, di↵raction laboratories should be considered useful partners and

not competitors. In fact ADDAMS is complementary to laboratory di↵ractometers: a small-scale,

fast-measurements and easy-access service called Mesquik is already operational, allowing users to

consider the synchrotron source an extension of their laboratory, at least in simple cases.

Most synchrotron facilities include one or more material di↵raction beamlines, which are pursuing

similar strategies. While other beamlines o↵er typically one experimental endstation, we have the

possibility to keep most options available, as we o↵er a variety of solutions for several types of experi-

ments, including surface single crystal and powder di↵raction, transmission single crystal and powder

di↵raction, time-resolved experiments (presently up to 22 kHz, soon to extend into the MHz region),

on-edge di↵raction, etc. Keeping a wide range of possibilities, though, will not result in a loss of com-

petitiveness; although dedicated instruments delivering mainly one experiment type (TS beamlines,

or extreme conditions ones) can concentrate their parameters exclusively for that technique, in many

cases, the di↵erence in quality compared to ADDAMS will be modest. The flexibility of ADDAMS

will thus make it more attractive for many applications. The proposed SLS 2.0 beamline will maintain

its edge in time-resolved experiments and further expand the successes achieved with TS and in situ

capabilities, as well as reduce the price for such a wide range of experiments, by improving the ease

of usage.

The beamline has been complementary and in many cases working in partnership with several

instruments within PSI. The powder di↵raction instrument has established an active collaboration

with the SinQ comparable instruments, HRPT and DMC, and a joint call for x-rays and neutron joint

experiments has been open to users for well over a decade; this will possibly be expanded to single

crystal techniques at ZEBRA. A strong collaboration exists with the SwissFEL teams at Bernina and

soon Cristallina stations, as the surface di↵ractometer mirrors local capabilities and is well suited for

performing relevant preparatory measurements before challenging time-resolved experiments. This

collaboration should become o�cial in the near future, o↵ering users the possibility to perform mea-

surements at di↵erent time domains within a single proposal.

A strong collaboration has been ongoing for several years with the microXAS beamline and the
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Photons for Engineering and Manufacturing groups at PSI, in particular in the fields of time-resolved

di↵raction and advanced manufacturing. In this respect, the two beamlines cover di↵erent beam sizes

and energy domains, with microXAS devoted to micro or even single-grain di↵raction and MS to a

more averaged material response, including working at higher energies.

17.2.3 Industrial potential

As mentioned, the MS beamline has in the last few years the largest industrial access of any non-protein

beamline at the SLS, see Figure 17.1. This trend mirrors the increasing popularity of di↵raction and the

Figure 17.1: Number of shifts purchased per year by industrial partners; the period considered is after

the MS upgrade in 2011.

constant growth in the number of synchrotron-aware scientists within industrial R&D departments.

Moreover, this specific success was aided by a flexible access program, custom-tailored industrial

developments, and the presence of an o�cial PSI spin-o↵ dedicated to powder di↵raction for the

pharmaceutical industry (Excelsus). In the technology adoption lifecycle of synchrotron di↵raction, we

are at the beginning of the ”early adopters” phase, with several partners now considering synchrotron

access as a continuous requisite rather than as a one-o↵ event or highly intermittent requirement. In

the next ten years, we expect the pharmaceutical industry to include it into its best practices, as well

there being as a strong increment in access from companies with high added-value products in the

chemical and technological sectors.

An untapped source of potential industrial revenue is that of high-throughput. Thanks to the top-

quality infrastructure and high level of automation that has been implemented at the MS beamline,

the price per sample of simple powder di↵raction measurements (i.e. that could be performed in home

laboratories) has dropped so strongly that synchrotron di↵raction is not only limited to high-quality

or complex experiments, but is also cheaper per sample compared to home laboratories. Laboratory-

quality measurements can be performed in about 5 to 10 seconds and automated to the point that

grinding, the lengthy process of reducing particles to microns in size, is no longer required. This was

a major hurdle for high throughput in powder di↵raction. Industries with combinatorial approaches,

in the mining and raw-materials sectors are present or potential customers of these developments, for
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which MS is a pioneer.

The recent approval of the ANAXAM center, devoted to support industrial partners using PSI

large-scale facilities and in which the MS beamline plays a significant role, will surely contribute to

increased industrial access, as Excelsus has done for the pharmaceutical sector.

The higher brilliance and flux that would be guaranteed by the proposed upgrade, play a significant

role for most of the industrial activities, which are forecast to grow significantly, possibly more than

at the present rate.

17.3 Conceptual design

The ADDAMS beamline will perform di↵raction experiments in the 5 to 40 keV region, all of the

initially forecast range being usable for time-resolved and high-quality experiments. At higher energies,

this requires a sharp increase in photon flux, the most relevant parameter for di↵raction. The ease

of use of the optics should be improved, in particular for beam focusing and energy change, which

is at present not automatic and too complex. A one-button operation, with automatic fine-tuning,

should be fully automated for experiments across elemental edges. Moreover, increasing the operator-

independence of optics tuning is a very relevant aspect for several industrial partners, which should

be able to guarantee a high degree of reproducibility. ADDAMS should o↵er a variety of experimental

geometries and setups. The former guarantee the ability to perform experiments and measurements

in the best conditions, the latter that we can serve as wide a community as in the past, potentially

further improving our experimental capabilities.

17.3.1 Source

The present cryogenically-cooled in-vacuum undulator (U14), which had a pioneering design and is

equipped with NdFeB magnets [15], is an excellent source for low to middle energies (from 5 to

approximately 20 keV) but fails to perform adequately at the highest energies, which are therefore

seldom used at the beamline. The electron-beam characteristics of SLS 2.0, however, will provide

sharper undulator harmonics even without any other changes, with a two or threefold increment in

the photon flux available, see Figure 17.2(a). A simple upgrade to PrFeB magnets could bring a

further similar improvement, resulting in almost an order of magnitude improvement in flux at higher

energies, see Figure 17.2(b).

A short-period high-temperature superconducting undulator (SCU10) would be a real game changer

[16], with combined gains at energies above 30 keV exceeding an increase in flux by two orders of

magnitude compared to today, see Figure 17.2(c). Such a flux will enable ADDAMS to compete in

time-resolved TS studies, high-pressure experiments in the Mbar region, and metallurgy, to name

just three fields. Moreover, the penetration of the beam can significantly ease the requirements for

several in situ setups. An SCU10 is presently under development. While it is not clear at present

the timeline for this R&D project, which is of primary interest also for the I-TOMCAT beamline,

this should become clearer well before the dark period. Should the installation of an SCU10 become

unfeasible before the SLS 2.0 upgrade, this would not a↵ect strongly our financial plans, although it

would reduce the scientific aim and appeal. It would in that case be limited to an upgrade of the
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Figure 17.2: Flux comparison from di↵erent undulator sources at a 4.0-mm gap for SLS (black line) and

SLS 2.0 (red line) machines. (a) present Nd based U14, (b) novel Pr-based U14 (c) superconducting

U10

magnets, as mentioned above.

17.3.2 Front end

The front end will need several elements to be modified or changed. The biggest challenges will be

given by the large thermal load of the SCU10, which is presently calculated to irradiate 12 kW. The

front-end x-ray beam-position monitors (XBPMs) can be refurbished to keep them in operation, the

photon shutter will need to be redesigned, and a new long tapered diaphragm should be placed in

front of it to remove most of the thermal load. The design of such a diaphragm, with calculations

of its cooling power, has shown the feasibility of this approach. All filters should be subject to a

smaller heat load. The first optical element, the first crystal of the existing monochromatic, is already

cryogenically cooled and should not be subject to much higher power than presently.

17.3.3 Optics

Most of the optics can be kept, as it has been designed for energies up to 40 keV. This includes

a cryogenically cooled double-crystal monochromator (DCM), with a sagittally bendable crystal for

horizontal focusing, and two vertical (normal to plane) mirrors, one of which bendable for vertical

focusing. The weak point of the present system is the horizontal sagittal focusing. In particular, this

focussing element has never exhibited high reproducibility of the motor settings required to obtain a

given focus. Moreover, its operation is complex, requiring long experience. Lastly, the crystal is also

at risk of rupture for the most extreme bendings. Given the laterally reduced beam size expected



322 ADDAMS: ADVANCED DIFFRACTION FOR MATERIAL SCIENCE

in SLS 2.0, a horizontally focusing mirror, with a fixed reflection angle, would now be an option

without the need for very long mirrors, see Figure 17.3. This creates the opportunity to produce small

Figure 17.3: Schematic of operation including a horizontally focusing mirror M3. Distances are based

on the present optics.

enough beam sizes and improves tremendously the ease of operation, given the higher quality in the

motorization for bending a mirror compared to crystal flexure. It is technically possible to include

such mirror in the present optics hutch, as space can be made at di↵erent locations. Its exact position

will depend also on focusing performances and will therefore be finalized based on the exact source

position.

The reduced lateral beam size will present a further opportunity: to deposit multilayer strips on

the laterally non-occupied areas of our optical elements. By reflecting on multilayer-coated sides of

the first crystal of the DCM and then on the first mirror, we will obtain a larger bandpass at selected

fixed energies, see Figure 17.4. In this scenario, the energies will be fixed as the reflection angle of

the beam is somewhat limited by the relative distances of the elements, which can translate laterally

and vertically, but not along the beam direction. There could conceivably be two modes of operation:

including or not the second mirror (and therefore including or not vertical focusing). These two modes

have di↵erent angles of operation, with minor angular flexibility, and a combination of two multilayers

on each element can therefore deliver up to 6 di↵erent energies. Preliminary calculations at fixed

angles and with selected multilayer spacings show high potential in the region below 20 keV, while

at higher energies the performances have still to be optimized, see Figure 17.5. The resulting sharp

increase in photon flux from using multilayers (one to two orders of magnitude) comes at the expense

of energy resolution. This and the small number of selected energies is still very acceptable for a

number of highly time-resolved experiments, where improving signal to noise and not resolution is

relevant. This development is considered also rather low cost, given the potential it brings.
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Figure 17.4: Schematic of operation, including multilayers deposited on a translating monochromator

crystal X1 and mirror M1. Distances are based on the present optics. The novel beam path utilizing

the multilayer would not include crystal X2, while mirror M2, not included in the picture, could in

fact be operational if M1 goes to a higher position. Both schemes would still enable only few selected

energies.

Figure 17.5: Calculated reflectivity of B4C/Ni multilayer mirrors at fixed angles. 100 periods were con-

sidered with � of 0.1/0.25/0.34 for the 8.1/6/4.5 nm periods respectively. Possible angle combinations

include X1=M1=0.4092� or X1=0.492�/M1=0.6548�.
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17.3.4 Endstations

While the infrastructure with two stations in series will be kept, its division into PD and SD will not.

As a variety of end uses can be provided with each instrument, the stations and their experimental

capabilities are in fact better described in terms of the specific geometry of the di↵raction experiments

that can be performed within them. For this reason, and to further integrate the operations in both

stations, they will both be operated from the same control room, while the other will be transformed

into a laboratory for sample preparation. A door change of the PD lead hutch is forecast for the

beginning of 2020. It is worth noting in this context we plan to complete the upgrade of the stations

before the beginning of the dark period of SLS 2.0, as it is incremental in nature and most of its

costs are already allocated. During the dark period only slight movements of all main components,

re-cabling and changes in the motion controls are forecast at the endstations. The plan is to include

three experimental tables (1D, 2D and 3D), presently existing or under development.

The first instrument from the source is the high-resolution powder di↵ractometer. The geometry for

such experiments is based on the Debye-Scherrer geometry, which is cylindrical around the sample axis.

This is a very well described geometry, which can be treated by most programs in an exact manner and

which provides resolution high enough for a full profile analysis. Samples are typically capillaries and

the detector is a 1D microstrip, in this case the third generation of the Mythen detector [17], which

will be completed and commissioned in 2020 as part of a financed REquip project (206021 183320).

This novel detector, developed at PSI, has framerate capabilities up to 1 MHz and, importantly, a

lower electronic noise. Such features will enable measurements on an elemental edge, without the non-

statistical noise that presently a↵ects them due to the high fluorescence. At the same time, the large

angular range of the Mythen III (120�) ensures collecting a large enough Q-range even at moderate

energies, in order to enable TS measurements. Developments are ongoing to substitute part of the

modules with higher Z elements, to improve the detector e�ciency at higher energies, and fully profit

from the new source.

A second table is based on a large 2D detector, in frontal transmission di↵raction, and placed on a

heavy-duty optical table. This detector, presently a Pilatus 6M, complements the Mythen III system

for SAXS measurements, with a maximum distance of 4 to 5 m from the sample. In additon, the

Pilatus 6M operates as a standalone detector for powder and single crystal di↵raction, or scientific

problems at the border between these two conditions. The advantage for powder di↵raction is the

ability to improve both the signal-to-noise ratio and, by collecting full rings, also the particle statistics

for non-representative samples, thereby improving phase quantification. Moreover XCCA entails the

use of a 2-D detector. Exactly like TS, it demands a momentum-transfer range large enough to clearly

define the interatomic (interparticle) vectors in the range of interest. Whilst TS only uses the radial

intensity distribution (therefore, when a 2-D detector is used, a ring averaging is performed), XCCA

uses the full 2-D pattern, by way of two-point intensity correlations – this enhances the coherent

speckle pattern induced by a coherent beam [12, 18]. The main drawbacks of the 2D detector with

respect to the Mythen III are the small accessible angular range, typically 30�, the lower intrinsic

angular resolution, and the timeframe, which is limited to 20 Hz.

The third instrument is the multiaxis di↵ractometer presently in the SD hutch. With three ro-

tational degrees of freedom for the detector, this instrument truly harnesses the full geometry of
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di↵raction in three dimensions. The detector is positioned at 1.2 m from the sample and, despite

being an area detector (presently Pilatus 100K) it is used point to point to explore the sphere of

di↵raction around the sample. The possibility to insert a crystal between the scattered beam and the

detector enables polarimetry measurements. The sample stage itself has 2 rotational degrees of free-

dom plus the ability to micro-position the samples themselves, provided by a high-precision heavy-duty

hexapod. The instrument has been used in the past for x-ray reflectometry measurements, analysis

of crystal truncation rods, and x-ray magnetic scattering. Due to its flexibility, it can serve a wide

variety of experiments, such as grazing-incidence powder di↵raction or high-resolution single-crystal

di↵raction in transmission. The presence of a further eulerian cradle may also enable azimuthal scans

for magnetic x-ray scattering on chosen [hkl] planes. The main drawback of so many degrees of free-

dom is the small portion of the full Ewald sphere that is typically probed at any one time. This

implies as well a rather large time for measurements and sample alignment, which is more critical

too. To complete the station the addition of a fast Eiger detector (1 Megapixel, up to 22 kHz) closer

to the sample position is planned, which will be commissioned by the end of 2020. At the closest

distance it will cover an angular range of 45� (to be compared to 2� for the Pilatus). This new area

detector will serve two purposes, namely to help in the alignment of samples, and to perform its own

experiments, mainly for fast experiments with complex machinery that requires the precise alignment

that can be delivered by the hexapod. It is forecast to be the main instrument for studies under the

topic Advanced Manufacturing.

The three tables have di↵erent strengths and complementarities; they cover most of the possible

ways experiments can be conducted. A one-fits-all approach, aside from being most likely significantly

more expensive, would definitely not address all the di↵erent needs in such a simple and straightforward

way.

17.3.5 IT requirements

The large amount of data coming from time-resolved and high-throughput measurements have to be

handled and treated in real time, at least to provide users with a qualitative picture of the exper-

iment/measurements as they are being performed. This increases significantly the success rate of

proposed experiments. The forecast data volumes, with a maximum of few Tb per day, do not pose

nowadays a significant technological problem. The IT infrastructure for ADDAMS will be operational

by the beginning of the dark period.

17.3.6 Timeline

With the exception of the SCU10, most of the other developments are minor, although it is not yet

clear how much the optics lead hutch will be impacted in the new machine design. The decision on

whether or not to install directly the novel undulator can be postponed until it will be clear if this

becomes available or not by first light at SLS 2.0, given the existence of a backup plan. The insertion

device group is anyway confident an answer can be obtained at the end of 2020 on the timeline for

this development, which we would install anyway as soon as it became available.

In the Gantt chart in Figure 17.6, an extended period for design and subsequent procurement is

tentatively placed, although clearly it will depend on the availability of a superconducting, short-
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Figure 17.6: Gantt chart for the progress of the ADDAMS upgrade.

period undulator. At the same time, to make sure the design of the front end is appropriate for the

characteristics of the new undulator, its design will be completed in 2020, although its final procure-

ment will be postponed to the end of 2021, to leave some room for changes, in case characteristics of

the source are modified or even improved.

17.3.7 Costs and funding program

The upgrades at endstations are coming from industrial partners, internal funds, and an SNF R’Equip

project. The calculated manpower for moving the elements and installing new components is of

68.5 man-months, not including design of the di↵erent parts.

17.4 Concluding remarks

The improved brilliance, flux and general infrastructure is set to make ADDAMS a world leader among

advanced di↵raction beamlines. We expect to become competitive in TS studies as well as improve

our e�ciency for time-resolved experiments. Overall, our appeal for industrial applications is also set

to increase even further, at a time when synchrotron di↵raction is becoming more widely adopted.
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[11] C. M. Schlepütz, P. R. Willmott, S. A. Pauli, R. Herger, D. Martoccia, M. Bjorck, D. Kumah,

R. Clarke, and Y. Yacoby. Surface xray di↵raction of complex metal oxide surfaces and interfacesa

new era. AIP Conference Proceedings, 1092(1):9–12, 2009.

[12] P. Wochner, C. Gutt, T. Autenrieth, T. Demmer, V. Bugaev, A. D. Ortiz, A. Duri, F. Zontone,

G. Gruebel, and H. Dosch. X-ray cross correlation analysis uncovers hidden local symmetries in

disordered matter. PNAS, 106(28):11511–11514, 2009.

[13] I. Lokteva, M. Koof, M. Walther, G. Gruebel, and F. Lehmkuehler. Monitoring nanocrystal

self-assembly in real time using in situ small-angle x-ray scattering. Small, 15(20), 2019.

[14] F. Lehmkuehler, B. Fischer, L. Mueller, B. Ruta, and G. Gruebel. Structure beyond pair cor-

relations: X-ray cross-correlation from colloidal crystals. J. Appl. Crystallogr., 49(6):2046–2052,

2016.

[15] M. Calvi, T. Schmidt, A. Anghel, A. Cervellino, S. J. Leake, P. R. Willmott, and T. Tanaka.

Commissioning results of the U14 cryogenic undulator at SLS. J. Phys. Conf. Ser., 425(032017),

2013.

[16] I. Kesgin, M. Kasa, Q. Hasse, Y. Ivanyushenkov, Y. Shiroyanagi, J. Fuerst, E. Barzi, D. Tur-

rioni, A. V. Zlobin, and E. Gluskin. Development of short-period Nb3Sn superconducting planar

undulators. IEEE T. Appl. Supercon., 29(5):1–4, 2019.

[17] M. Andra, R. Dinapoli, A. Bergamaschi, R. Barten, M. Bruckner, S. Chiriotti Alvarez, E. Frojdh,

D. Grei↵enberg, C-Lopez-Cuenca, D. Mezza, A. Mozzanica, S. Redford, C. Ruder, B. Schmitt,

X. Shi, D. Thattil, G. Tinti, S. Vetter, and J. Zhang. Towards MYTHEN 3: Characterization of

prototype chips. Nucl. Instrum. Meth. A, 936:383–385, 2019.

[18] R. P. Kurta, M. Altarelli, and I. A. Vartanyants. X-ray cross-correlation analysis of disordered

ensembles of particles: Potentials and limitations. Adv. Cond. Matter Phys., (959835), 2013.



Chapter 18

“Coherent small-angle x-ray scattering”
cSAXS

A. Diaz, X. Donath, M. Guizar-Sicairos, and A. Menzel

In a nutshell

One of the characteristic features of new light sources such as SLS 2.0 is the increase of brilliance. To

take optimal advantage of this property for high-resolution x-ray imaging and other coherence-based

techniques, we propose a new beamline. Compared to the performance of today’s cSAXS beamline,

usable flux will increase by several orders of magnitude, allowing larger and more representative sample

volumes and numbers to be characterized, imaging performance to increase, and coherence-based

experiments to be conducted at higher photon energies, thereby reducing many samples’ susceptibility

to radiation damage.

While o↵ering highly optimized conditions for a variety of experimental techniques, including ptychog-

raphy and small-angle x-ray scattering with high spatial and/or temporal resolution, the beamline

design shall also allow for flexible setups to account for techniques not yet foreseen and to facilitate

future upgrades.

The main design tasks for cSAXS at SLS 2.0 can be summarized:

• To extract and deliver e�ciently coherent flux to the experiment.

• To allow for cutting-edge microscopy and scattering studies while

maintaining the faculty for unique and still-to-be-developed techniques.

• To allow for e�cient change between experimental techniques.

Characteristic features include a modular optical setup that allows for almost all optics components

to be easily replaced, a common beam path for both broad- and narrow-band illumination, and a

massive 200Megapixel detector that leverage PSI’s state-of-the-art detectors for the most demanding

experiments. This new instrument will allow PSI to remain at the forefront of high-resolution x-ray

imaging for the materials and life sciences.
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18.1 Overview

18.1.1 Mission

Structural investigations in the nano- to micrometer regime frequently require techniques that exploit

both imaging and scattering characteristics. Often, such techniques amplify weak signals by measuring

in parallel multiple copies of nominally identical samples or by imposing order constraints on the

sample as in crystallography. An alternative approach exploits the illumination source’s brightness,

which gives rise to coherence, i.e., to statistical sparsity of the illumination, which allows for detailed

and precise inferences about the sample.

In coherent di↵raction imaging (CDI) for instance, coherent scattering patterns are used to com-

putationally reconstruct 2D or 3D images [1], exceeding the resolving power of “classical” x-ray mi-

croscope techniques. Significant progress was made when measurement diversity could be brought to

bear, most remarkably in “ptychography” [2]. cSAXS has been at the forefront of this technique’s

development [3–5] and application to the life [6] and materials sciences [7] including in situ sample

manipulation [8], weak magnetic contrast [9–11], and sample dynamics [11].

Quantifying abundance, shape, orientation, etc. of nanoparticles, small-angle x-ray scattering

(SAXS) can similarly be enhanced by coherent techniques, e.g., in x-ray photon correlation spec-

troscopy (XPCS) [12] or exploiting angular (cross-)correlations [13, 14].

An important figure of merit is “coherent flux,” which can be defined as the number of photons

in a single coherent mode. It is a measure of photon density in phase space, proportional to the

intensity that can be confined simultaneously both in the terms of spatial extent and divergence.

This gives rise to ever smaller sample sizes for spatially resolved (SAXS) [15], faster time-resolved

measurements [16, 17], and small-angle scattering (SAS) tensor tomography [18,19].

We intend to further expand our expertise in analytic techniques [20–22] and instrumentation [23–

25] to o↵er unique imaging capabilities and increase measurement speed such that ptychographic

imaging, for instance, becomes economically more approachable for proprietary use. Imaging activ-

ities at cSAXS will thus complement activities at TOMCAT, where one can access higher energies,

dynamics, and throughput, microXAS with its focus on chemical imaging, and PolLux, SIM, and

PHOENIX, all o↵ering imaging at lower energies. For small-angle scattering, cSAXS will be similarly

be complemented by PHOENIX at lower and MS at higher energies.

Most specifically, cSAXS shall remain the premier facility at SLS to make direct use of x-ray

coherence properties in the energy range of ⇠ 5 keV to ⇠ 20 keV and beyond, which includes future

additions to the supported techniques, such as Bragg coherent di↵ractive imaging (CDI) [26], Bragg

ptychography [27], and correlation-based techniques [12–14], but also techniques that are yet to emerge.

18.1.2 Impact of SLS 2.0 and Conceptual Design

The increased brightness at SLS 2.0 allows us to extend the range of operation from a current “sweet

spot” at 6.2 keV for coherence applications toward a range around 12.4 keV and beyond. This will

make possible the imaging of larger samples and reduce radiation damage inflicted to the samples.

For some experiments, a broad bandwidth option, will increase available flux by approx. 4 orders of

magnitude. This will allow for even higher resolving power, it will render weak-contrast measurements,
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e.g., on magnetic samples, more feasible, and will increase throughput of samples to a degree that

ptychographic microscopy can contribute in statistically significant ways to demanding comparative

studies [28, 29].

We aim to continue the dual strategy of o↵ering both state-of-the-art instrumentation, e.g., dedi-

cated to high-resolution microscopy and various forms of SAXS mapping, and the ability to conduct

one-of-a-kind experiments, proofs of concept, and pre-characterisations for subsequent FEL experi-

ments. In fact, the ability to test and perfect over time various measurement schemes and sample

environments has proven crucial for the success of cSAXS.

Whereas coherence is directly related to source brightness, its preservation and usability for an

experiment require beamline optics of high quality and high stability [30]: Static aberrations give rise

to unwanted variations in the illumination, be it on the sample or as broadened point spread on the

detector. Dynamic fluctuations and drifts in turn reduce the degree of coherence and increase sam-

pling requirements in techniques such as ptychography [20] or x-ray photon correlation spectroscopy

(XPCS) [12]. These demands are intimately coupled: The more inhomogeneous an intensity distri-

bution, the more detrimental the e↵ects of any instabilities and the more costly is any attempt to

compensate for this. Accordingly, the beamline design pays particular attention to optics quality and

stability.

18.1.3 Position/floorplan

cSAXS is located at the twelfth straight section of the SLS ring. The construction of an additional

entrance to the SLS hall in this section close to columns 19 � 21 o↵ers the opportunity to extend

cSAXS beyond the current experimental floor. Large distances of the sample from the source allow for

large working distances of optics and o↵er more convenient opportunities to define beam properties,

including bandwidth, spatial coherence, and divergence. Increasing the distance between sample and

detector, in turn, facilitates sampling in reciprocal and real space [31] and thus helps to increase data

acquisition speed and sample throughput. Additionally, the high intensities present in scattering pat-

terns (e.g., close to the direct beam, but also in speckles or Bragg peaks) can be more easily measured

accurately at large distances. Lastly, the ability to distribute the beam over a large area/volume of

the sample helps to mitigate detrimental e↵ects of the radiation.

The sample distance from the source will be limited to ⇠ 40m by the demand that it should remain

reachable by the hall crane. This sample position is located on the high-stability experimental floor of

the SLS, whereas the detector, which will be up to ⇠ 12m from the sample, will be the only equipment

interacting with the x-ray beam that will be outside the experimental floor.

Figure 18.1 shows the approximate floorplan. The experimental hutch will exceed the current SLS

building between columns 20 and 21. Still, thanks to the gained area of the entrance, people and

equipment can move around the beamline.

For a later stage of beamline development, we plan to accommodate experiments on Bragg reflec-

tions. Besides a high-stability cradle to complement current setups, such as our current instruments for

ptychographic microscopy: flOMNI [23], OMNY [24], and LaMNI [25], a robot arm shall be installed

to position a small single-module detector at reasonably large distances of 2� 3m over an octant of

a sphere.
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Figure 18.1: Approximate floorplan including the beamline extension beyond the experimental floor

of SLS. The low-vibration experimental floor is marked in light grey. The color yellow indicates

accessibility by the hall crane. Dark grey marks the present walkway. The beam position is marked

by a blue line. Optics and experimental hutch are marked in red, user support rooms, lab space and

working areas are marked in green. The square pattern marks meters.

From the beginning, beamline infrastructure, in particular the experimental hutch, shall be designed

to allow for such later-stage extensions of the beamline’s portfolio.

18.2 Source

The beamline shall operate between ⇠ 5 keV and ⇠ 30 keV photon energy. A summary of source prop-

erties is provided in Table 18.1. The center of this range will allow for e�cient use of ptychography and

other coherent imaging techniques for samples in excess of 100µm projected thickness. Lower energies

remain attractive for thinner, less absorbing samples, whereas the high-energy range will be used pri-

marily for SAXS etc. on extended dense samples, including metals, ceramics, and hard biological tissue.

Combined with the storage ring energy of 2.7GeV, an undulator with 14mm period will restrict

the beamline’s low-energy limit to ⇠ 5 keV. Compared to today’s performance, however, total flux is

about an order of magnitude higher (e.g. at 12.4 keV) and coherent flux increases by ca. two orders of

magnitude (at the current “sweet spoot” at 6.2 keV), Figure 18.2.

As a future upgrade, in particular when ptychography and SAXS capabilities at PHOENIX will have

6.2 keV 12.4 keV 18.6 keV

⌃x 12.47µm ⌃x0 35.50µrad ⌃x 12.38µm ⌃x0 48.94µrad ⌃x 12.34µm ⌃x0 59.42µrad

⌃y 3.13µm ⌃y0 7.64µrad ⌃y 2.72µm ⌃y0 13.18µrad ⌃y 2.57µm ⌃y0 19.13µrad

Table 18.1: Source size ⌃x,y and divergence ⌃x0,y0 (x horizontal, y vertical). Optical elements will

increase the phase space volume mostly by increasing the size of the beam; the e↵ective source size

can be approximated by ⌃e↵
j ⇠

q
⌃2
j + (2�sed)

2, where �se represents a slope error of a mirror and d

the distance from the source.
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Figure 18.2: Left: Expected total and coherent flux of CPMU 14 and CPMU 15 at SLS 2.0. As

reference, the performance of the current cSAXS insertion device, U19, at SLS is also shown, in-

dicating the approximately 100-fold increase in coherent flux or the extension of energy range up

to ⇠ 20 keV, for which the same coherent flux is expected as currently at cSAXS’s “sweet spot” at

6.2 keV. Right: Spectra on 7th-harmonic peaks for various sizes of apertures ⇠ 17m from the source.

See Subsection 18.3.2.

been established, the accessible energy range at cSAXS may be further reduced in favor of increased

flux at high energies by using an insertion device with even shorter period. Another upgrade option cur-

rently being discussed with the PSI Insertion Device Group, would be an additional, highly optimized

insertion device with drastically suppressed low-energy and broadband contributions. Such advance-

ments should require only minimal changes along the beamline. To this end, beamline optics shall be

designed, wherever possible, to be flexible with regard to the exact source point along the beamline axis.

18.3 Beam delivery

We propose a beamline design with fixed exit for both broadband and narrow-band illumination.

Particular importance shall be put on the stability of all optical elements. This demand leads us to

favor, as detailed in the following, a horizontally shifting broadband monochromator, channelcuts for

the narrow-band monochromator, and di↵ractive and refractive optics for variable focusing. We are

investigating and developing compact means of wavefront sensing in order to characterize potential

aberrations and quantify coherence without the need for any specific setup in the experimental hutch.

A high degree of modularity shall allow in the long term for beamline components to be replaced

after degradation due to usage or for purposes of future upgrades. Table 18.2 provides an overview of

the foreseen elements and their distribution along the beamline.
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front end OP1 OP2 close to the sample

0� 15m 15� 20m 32� 37m 40m

• basic beam conditioning
• removal of o↵-axis

radiation
• slits

• beam position monitor
• DMLM
• attenuators
• first focusing unit
• corrective optics
• wavefront sensor
• slits

• beam position monitor
• DCCM
• attenuators
• second focusing unit
• corrective optics
• wavefront sensor
• slits

• beam position monitor
• final beam conditioning

and focusing
• fast shutter
• slits

Table 18.2: Summary of optical elements and their location. The double-multilayer monochromator

(DMLM) and double-channelcut monochromator (DCCM) are discussed in Section 18.3.2, the focusing

strategy in Section 18.3.3, and beam metrology in Section 18.3.5.

18.3.1 Front end

The main task of front end components at cSAXS is the removal of unwanted o↵-axis synchrotron

radiation from the desired “coherent” contribution, which is narrow band and rather compact. The

maximal expected divergence will not exceed 76µrad⇥ 31µrad (h⇥ v), su�cient for extraction of up

to 30 keV radiation. Since these demands are similar to other hard-x-ray beamlines at SLS and do

not require dedicated hardware development, the front end for the cSAXS beamline should be of a

standard windowless design.

18.3.2 Monochromators

Experience at cSAXS has shown that many experiments do not require the narrow bandwidth defined

by its double-Si(111)-crystal monochromator. A broadband option is therefore envisioned, not only

for time-resolved experiments [16, 17] but also for many ptychographic-imaging activities, for which

suitable bandwidth-related correction techniques have been developed [20,32,33]. The design therefore

foresees both narrow-band and broadband options at the same beam position.

The double-multilayer monochromator, which extracts a single undulator harmonic, will be horizon-

tal, and the narrow-band illumination will be provided by a removable double-channelcut monochro-

mator, making use of the inherent stability o↵ered by channelcuts and the already reduced heatload.

This monochromatization strategy (Figure 18.3) shares many similarities with Ref. [34] with the main

di↵erence that instead of total-reflection mirrors, a multilayer monochromator will be used to extract

only a single undulator harmonic.

Broadband monochromator

The insertion device CPMU 14 will feature N = 212 periods and a fundamental at ⇠ 1.8 keV. Ex-

tracted will be odd-numbered harmonics of order n � 3. We can thus expect on-axis a bandwidth of
�E
E < 1%, broadened mostly on the low-energy side as a function of chosen aperture. Slits in OP1, i.e.

approx. 17m from the source can be used to e�ciently choose a bandwidth that is su�ciently narrow

for small-angle scattering experiments and advantageous even for some coherent di↵ractive imaging
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(a)

(DMLM) (DCCM)

(b)

(DMLM) (DCM)

Figure 18.3: (a) Schematics of the desired monochromator arrangement, of a double multilayer

monochromator (DMLM) and a double channelcut monochromator (DCCM). Here, the DMLM is

constantly in the beam while the DCCM is removable to switch between narrow-band (top) and

broadband illumination (bottom). Note that the DMLM is envisioned to provide a horizontal shift,

whereas the DCCM scatters vertically. (b) Backup option, in case no multilayer monochromator

of su�cient quality and reliability is available in time: Either double-multilayer or double-crystal

monochromator (DCM) will be employed.

applications. Table 18.3 summarizes estimates based on the calculations [35] shown in Figure 18.2.

A fixed-exit double-multilayer monochromator shall be used to extract a single harmonic of the

undulator spectrum. It will further help in reducing the heatload on the subsequent narrow-band

monochromator. Of major concern, of course, are e↵ects of figure errors and roughness on the wave-

front in case of a device permanently in the beam [36]. However, such devices have been successfully

deployed elsewhere [37, 38], and some constant wavefront distortions can be corrected for [39].

Narrow-band monochromator

The narrow-band monochromator shall consist of a pair of plasma-chemical-vaporization-machined

(PCVM) channelcut crystals. This treatment has been shown to result in close to damage-free optics

for optimal wavefront preservation [34,40]. A (+,–,–,+) geometry [Figure 18.3(a)] has been shown to

be highly stable and does not alter the beam position.

Aperture FWHM Integ. flux

0.01⇥ 0.01mm2 0.6% 1.7⇥ 1013 ph/s

0.1⇥ 0.1mm2 0.6% 1.7⇥ 1015 ph/s

1⇥ 1mm2 0.9% 9.2⇥ 1016 ph/s

Table 18.3: Variation of beam spectrum as a function of an aperture ⇠ 17m from the source by

example of the 7th harmonic at a photon energy of 12.56 keV. Below ⇠ 0.1⇥ 0.1mm2 the spectrum

barely changes but flux simply scales with aperture area. Larger apertures start to increase the

bandwidth.
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OP1 OP2 sample detector

Application 15� 20m 32� 37m 40m 52m Comments

high-res. SAXS . 900⇥ 250µm2 ⇠ 400⇥ 170µm2 26⇥ 10µm2 su�cient for

(@ 12.4 keV) f ⇠ 11.6m . 39⇥ 16µrad2 qmin ⇠ 10�4 Å�1

scanning SAXS . 1200⇥ 450µm2 16⇥ 3µm2 ⇠ 280⇥ 100µm2 su�cient for

(@ 24.8 keV) f ⇠ 9.8m . 53⇥ 20µrad2 qmin ⇠ 2⇥ 10�3 Å�1

secondary source . 1.4⇥ 0.6mm2 . 13⇥ 3µm2 . 185µm

(⇠ 1 : 1) f ⇠ 8.6m . 78⇥ 32µrad2

Table 18.4: Overview of focusing options using the focusing unit in the optical hutch OP1. The beam

size on the focusing optics for the specified application and the focal length is shown. Highlighted

in grey is the location onto which the source is imaged. Focusing onto a plane in the second optics

hutch OP2 is used to define a secondary source. The parameters given for this case hold for all

energies. The beam size given at the sample position in this case reflects the maximum size of further

optical elements that can be fully illuminated. With the exception of the “comments,” where rather

conservative safety margins have been applied, these numbers do not take into account figure errors

in reflecting surfaces or lens aberrations.

Si(111) and Si(333) reflections can be used in a single pair of channelcuts and are suitable to cover

the entire energy range.

In case we do not have su�cient confidence in the available multilayer monochromators when

the technical design is finalized, we will consider as fallback option a beamline layout with double-

multilayer monochromator and double-crystal monochromator in a row. The design task of a fixed exit

for both broad- and narrow-band beam will be hard to realize under these circumstances, however,

precluding easy changes in techniques such as ptychographic tomography, which require the most

careful alignment of optics, sample, rotation axis, and detector axes.

Both options are schematically shown in Figure 18.3.

18.3.3 Focusing

Table 18.4 summarizes various applications for a focusing unit in the first optical hutch OP1. They

include focusing onto the detector, onto the sample, and onto a slit system in the second optical hutch

OP2. Such a secondary source can be used for coherence filtering and further demagnification onto

the sample.

Currently, we foresee a combination of di↵ractive and refractive optics for focusing. E�ciencies of

approximately 50% seem feasible over the energy range of the beamline. Such focusing elements are

highly reproducible, are easily exchanged if necessary, and their aberrations can be well characterized

and corrected for [39]. Since such focusing elements are highly chromatic, they may also be employed

to suppress undulator harmonics that may not be fully removed by the monochromators.

Additionally, the suitability of reflective optics as an alternative approach is being evaluated. For all

focusing elements being considered, the scattering background will be evaluated, not least by polling

similar beamlines at ALS, APS, Max IV, NSLS-II, Petra-III, Spring-8, etc.

Both OP2 and the experimental station ES1 will host further focusing optics to demagnify the
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(secondary) source. In some instances, such as flOMNI etc., they are incorporated in dedicated

instruments. For other applications, large working distances are beneficial, for instance in order

to reduce the spot size on the sample without increasing beam divergence or when, as for SAXS

applications, slits have to be employed between the last beam-defining optical element and the sample.

In general, both modularity and the compatibility with/for future upgrades will inform the choice

of di↵ractive, refractive and reflective optics as well as their location.

18.3.4 Coherence filtering

As indicated in Figure 18.2, at the energies relevant for cSAXS, SLS 2.0 is still a rather incoherent

source and slits will have to be used to increase spatial coherence. Slits, as close to the source point as

feasible, have been found advantageous for such “coherence filtering,” i.e. the lossy decrease of source

size, and will be used in case of an unfocused beam.

However, the proposed combination of focusing optics, close to which slits are employed, in OP1 and

a “secondary source” in OP2, also defined by slits, o↵ers the ability to increase coherence independent

of the divergence of the beam. Thus, the illumination of downstream optics, for instance, can be

tailored independently of the chosen degree of coherence.

As any beam-defining element, slits are required to satisfy stringent stability requirements, wherever

possible their positions should be readable using encoders, and the resultant beam subjected to detailed

characterization.

18.3.5 Beam characterization

Pointing stability requirements for coherent di↵ractive imaging in the forward direction or small-angle

scattering scales with the ratio of detector pixel size to source-to-detector distance. Since for many

other di↵raction-based techniques the relevant ratio is rather the pixel size to the sample-to-detector

distance, pointing stability requirements are here & 20 times more stringent. Consequently, beam

position and direction shall be monitored using real-time information from electron-beam diagnos-

tics, incorporating encoder feedback from any beam-defining aperture and using x-ray beam position

monitors in the front end, at the double-multilayer monochromator (OP1), at the double-channelcut

monochromator (OP2), and close to the sample position (ES). This multitude of diagnostic tools will

not only facilitate the commissioning and alignment of x-ray optical elements, but shall also enable fast

determination of stability- or coherence-limiting factors during operation. To this end, beam position

and intensity monitoring shall be conducted with at least the foreseen rate of pixel detector readout,

i.e., 2 kHz.

As important as monitoring beam intensity and position is the ability to reliably quantify coherence

properties of the beam and compare it with established values. With this in mind, dedicated modules

shall be installed in both optics hutches that are easily inserted into the beam for baseline measure-

ments. Techniques may include Shack-Hartmann sensors [41], Talbot interferometry [42,43] and other

interference-based techniques [44, 45], and/or near-field speckle metrology [46]. High-frequency fluc-

tuation measurements shall be conducted by measuring speckle fluctuations and form a part of the

coherence measurements that can take place even during the experiment.



338 “COHERENT SMALL-ANGLE X-RAY SCATTERING” CSAXS

18.4 Endstation

Next to relatively small setups, e.g., for scanning SAXS, SAXS from microfluidic devices etc., and SAS

tensor tomography, several highly specialized systems will be used at cSAXS, such as flOMNI [23],

OMNY [24] and LaMNI [25]. In order to host such a variety of devices, a large fraction of the

infrastructure at the sample position shall be removable and exchangeable.

A number of “standard” experiments uses a mineral cast table of 1.1⇥ 1.1m2 550mm underneath

the x-ray beam. It is situated on a girder with five degrees of freedom (i.e. all three angles and two

translations, perpendicular to the beam). This table can be removed and exchanged, for instance, with

OMNY. This arrangement has proven quite successful and shall be maintained, and only two changes

from the current state are foreseen: Firstly, the range of the girder mover needs to be increased to

a few centimeters. And secondly, it will be advantageous if even heavy equipment, such as the table

(weight: ⇠ 2 t) and OMNY (⇠ 4 t), could be moved without the need of the SLS crane. The option

of air cushion carriers, as have been used for SwissFEL undulators, shall be foreseen. The same

technology should be used to move the detector and flight tube.

An evacuated flight tube is used to prevent unwanted scattering and absorption between the sample

and the detector. It will contain the in-vacuum detector(s) as well as an array of beamstops equipped

with beam intensity — and possibly even beam position — monitors. Since we foresee a sample-to-

detector distance of 12m, this will be a long and heavy device that ought to be movable with six

degrees of freedom, once positioned approximately to its in-experiment position. In the rare instances

where the flight tube will not be in use, it needs to be parked inside the experimental hutch, and a

place toward the outside wall is reserved for this purpose.

While it would be advantageous if the experimental hutch were not partially obstructed by any

columns, both beamline operation with a flight tube and with the flight tube in a parking position are

compatible with both parts of Column 20 remaining: The flight tube at either position fits underneath

the angle spanned by the load-bearing and support column 20, as shown in Figure 18.4. The beam

would pass ca. 60 cm from the center of the load-bearing column.

Space shall be reserved for a future upgrade for coherent imaging on Bragg peaks. Whereas the

sample orientation shall be established by a dedicated cradle to be located on the girder/table, a

detector needs to be movable over approximately an spherical octant of at least 2m radius. The

height of the experimental hutch, limited by the hall crane, will set the upper bound. This detector

shall be mounted on a robotic arm on the inside side of the beam, i.e., toward the synchrotron ring.

This detector, suitable also for SAXS, XPCS etc. and located high above the sample, can then also

be used for demanding rheology experiments that require a vertical beam.

cSAXS has profited from its air conditioning unit being spatially separated from the experimen-

tal and optical hutches. This should be maintained, albeit scaled for the increased hutch volume.

Furthermore, ventilation requirements for experiments involving gases or cryogenics should be readily

met, and the hutch shall be equipped with the necessary laser safety features for experiments involving

class 4 lasers.
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Figure 18.4: Left: The experimental hutch with two positions for the flight tube/detector system:

one for experiments, the other one as parking position when the flight tube is not in use. Indicated

in blue is a 3m octant to be reachable in future experiments on Bragg peaks. Right: The beamline

as seen from downstream, illustrating the SLS column structure. Beamline equipment can reasonably

fit underneath the angle spanned by the main and supporting columns, which are visible also in the

top view as brown H’s and lines, respectively

18.5 Detectors

18.5.1 Small-angle x-ray scattering detector

As primary detector, we plan to construct and install a 200 Megapixel in-vacuum detector. It shall

be likely based on the charge-integrating Jungfrau detector, possibly on a photon-counting Eiger-II

detector, both of which feature 75µm pixels [47] and sustained readout rates of up to 2 kHz, Table 18.5.

Such a large detector removes the need to be moved along the beam. It can serve simultaneously high

resolution tasks resolving 5 nm at 1 Å wavelength and sample accurately over 8µm illumination at that

wavelength. Large illumination footprints on the sample are beneficial for reducing radiation e↵ects,

not only in imaging applications but also in the case of SAXS, where the beam can easily locally change

the temperature and/or chemistry; or XPCS, where it can alter the very dynamics to be studied.

This detector has to be equipped with on-board “intelligence” to make manageable the massive

data flow through data mining and compression. While the choice of detector is guided by three

demands, i.e., small pixels, large area, and rapid readout, rarely if ever will all these three demands

be satisfied simultaneously, as illustrated in Table 18.6.

18.5.2 Wide-angle x-ray scattering detector

The SAXS detector will be complemented by a wide-angle x-ray scattering (WAXS) detector located

around the SAXS “cone.” The basic geometry is illustrated in Figure 18.5. The detector shall cover at

least up to 2 Å�1 at 12.4 keV for the entire azimuth such that it can be used for scanning WAXS mea-

surements. For normalization on the water peak and measurements of the local sample temperature,

access to 3 Å�1 at 12.4 keV is required in at least one direction. Angular overlap between SAXS and

WAXS detectors can be achieved by tilting the flight tube/detector setup slightly away from the beam.

For most applications, including both scattering and imaging experiments, small pixels will be
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Jungfrau Eiger-II MOENCH

Detection mode Integrating
possibly switchable to counting

Photon counting Integrating

Pixel size 75µm 75µm 25µm
sub-pixel resolution possible

Max. count rate > 100MHz � 1MHz t.b.d.

Readiness
in use at SwissFEL
limited expertise at

synchrotrons

upgrade from existing
EIGER

the most unknown
of the three

Table 18.5: An overview of available detector technologies at PSI. Considering the foreseeable gain in

flux, the charge-integrating Jungfrau detector is most likely central to the SAXS detector suite. Its

usage at synchrotrons needs to be established and fast and e�cient data reduction schemes need to be

developed. Similarly, the performance of Eiger-II and MOENCH will have to be determined in order

to inform a final decision.

Figure 18.5: A sketch of the SAXS/WAXS detector geometry. For clarity, the displayed number of

detector modules is smaller by a factor of 4 than necessary for the 200M detector, which comprised

28⇥ 14 modules.

useful. We therefore consider the MOENCH technology for the WAXS detector. It has a physical

pixel size of 25µm [47] but can, when sparsely illuminated, interpolate toward even smaller pixels [48].

18.5.3 Fluorescence detectors

Increasingly, imaging activities at cSAXS are accompanied by fluorescence mapping. Since sample

environments or variable instrumentation often occlude access, a fluorescence detector cannot be

permanently installed. Energy-resolving detectors capable of high count rates are therefore to be

installed on a case-by-case basis or will be part of instrumentation modules, such as OMNY.

18.5.4 Support infrastructure

Directly adjacent to the beamline will be three user rooms (Figure 18.1). Listing them in direction of x-

ray beam propagation: A “lounge,” in which users can take breaks and eat or drink without removing
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themselves entirely from the experiment, analysis, discussion, etc. The control room, from where

the experiment is typically controlled and supervised and where data analysis can be initiated. The

experimental hutch shall be reachable through a laboratory room, for last-minute sample preparation,

purification, etc. It will allow for work with cryogenic liquids, basic wet chemistry with acids and

bases, and biosafety level 1.

Additional to these rooms which are accessible to users, a workshop/laboratory reserved for beam-

line sta↵ is foreseen for maintenance and storage of sensitive equipment.

18.6 IT requirements

Information technology forms an integral component of any modern beamline. Ptychography is very

demanding in terms of computing power. These demands will increase when advanced analysis tech-

niques (such as multi-mode [20], orthogonal probe relaxation [21], multi-slice [49], non-rigid regis-

tration [50] etc.) are employed, as increasingly necessary when data acquisition conditions become

less ideal, e.g. through partial coherence, exceeding the depth of field, misalignment, on-the-fly scans,

or sample dynamics due to radiation damage. Simultaneously, data volume is expected to increase

towards teravoxel tomograms, for instance.

It seems rather clear that current analysis methods will not scale su�ciently. Alternative analysis

schemes are being investigated, including analytic low-resolution solutions as good initial guesses to

the computationally expensive iterative algorithms and machine learning, where the burden is shifted

to a “training” period but which can be highly e�cient afterwards.

At the present stage it seems impossible to predict where the compromises between experimental

requirements and computational resources will be. What seems clear, though, is that computational

resources should be su�cient to provide some sort of feedback to the user within seconds in order for

ptychography to be accepted as “normal” microscopy technique. We are investigating whether and

to what extent the Swiss National Supercomputing Center (CSCS) can be utilized to this task. The

outcome of this study, called SELVEDAS, will inform the strategic decision how computing resources

are to be allocated amongst beamlines, a centralized shared facility at PSI, and CSCS.

18.7 Timeline

The proposed beamline is a complete redesign of cSAXS. While single elements can be reused, some

others that define the beam position and direction cannot. This leads us to believe that it will be rather

impractical to move from the current beamline to the new beamline without significant interruption

of availability to users. Ideally, this period should coincide with the dark period due to the machine

upgrade, 2023–2024.

A decision is therefore sought in 2020 whether, for “first light” at cSAXS @ SLS 2.0, which is

planned for early 2025, the present-day cSAXS shall be moved to the slightly shifted source point or

if the beamline shall be decommissioned 2023 and replaced by a new instrument, as proposed herein.

In the first case, one would either be willing to incur two extended dark periods within a few years or

postpone, forego completely, or reduce the upgrade in such a way that it is achievable with only short



342 “COHERENT SMALL-ANGLE X-RAY SCATTERING” CSAXS

2020 2021 2022 2023 2024 2025

2023–24 machine upgrade dark period

until 2023 ongoing cSAXS operation

2023 cSAXS deconstruction

2020–21 finalization TDR

2020–21 technical design, CAD

2021–22 calls for tender

2022–24 procurement/assembly

2024–25 beamline installation

2024–25 beamline commissioning

2025, 2Q first light

2025, 3Q friendly users

start. 2026 reg. user operation

Figure 18.6: Timeline for further planning, design, construction, and commissioning of cSAXS at

SLS 2.0. We expect an interruption of two and a half years of regular user operation (two years for

friendly “expert” users).

interruptions of service. For the case of a new beamline, as proposed here, about five years remain to

accomplish

• finalization of planning and technical design,

• fabrication, procurement, and assembly of components,

• commissioning without and with x-rays, and

• start-up of user operation.

A rough timeline is shown in Figure 18.6, assuming su�cient availability of support personnel, crafts-

people, etc.

18.7.1 Preparatory work

In 2020 the design phase will continue and shall become increasingly precise. For detailed technical

drawings, we are considering hiring an extra engineer on a project basis. Their task would be to

support the technical design phase and/or support the beamline technician in preparing for moving

the current instrument, should this indeed be necessary.

Several small items that need to be designed, assembled and commissioned lend themselves to be

addressed early through independent funding. One example is the optical layout, including detailed

specifications of the focusing optics. Refractive optics could then be ordered and financed via R’Equip

or related means. Di↵ractive optics will likely be produced locally at PSI. Wavefront sensing modules

shall be developed, constructed, and commissioned in the format of a scientific research-&-development

project. Funding through SNF project funds will be sought.

Loose contact with potential suppliers of (PCVM) channel-cuts in Japan has been initiated. Man-

ufacturers of multilayers will be contacted over the course of 2020. In general, detailed discussions
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with beamline scientists at ALS, APS, Max IV, NSLS-II, Petra-III, and Spring-8 are ongoing to profit

from practical experiences gained with technologies and methods that are, thus far, rarely used at

PSI, if at all.

IT demands are constantly growing. In fact, it can be argued that we are already IT-limited in

performance at cSAXS, for scan parameters such as speed are frequently adapted such that “online”

processing (i.e. processing for immediate feedback) can keep up with data acquisition. This results

in continuous upgrades, be it by increasing infrastructure quantitatively (i.e. more, faster CPUs for

instance) or qualitatively (such as the recent adaptation of GPUs into normal processing pipelines).

Here we profit from a long-standing and close collaboration with PSI’s Scientific Computing Group.

Most recently, we got involved collaboratively in the SELVEDAS project with the aim to develop

means to use the Swiss National Supercomputing Center CSCS for online ptychography reconstruc-

tion. Of particular interest is the feasibility of a strict limitation on latency, such that the data can

be transferred to CSCS, processed and returned to PSI in time to provide feedback to ongoing ex-

periments. The outcome of this project will inform strategic decisions how much and what type of

computing infrastructure is required to be located at PSI and how much can be outsourced to CSCS.

18.7.2 Interruption and resumption of service

In order to gain space for construction and assembly, we propose to decommission cSAXS after the

first semester of 2023, i.e., three months prior to the dark period as defined by the machine shutdown.

Removing the current hutches will remove obstacles for the transfer of material from and into the

SLS through the new entrance, which will be located exactly opposite the beamline. The gained

space shall also be used to assemble beamline components when possible. However, installation of the

experimental hutch will have to wait for the construction entrance to be cleared, which is why first

light at cSAXS is not expected directly after conclusion of the machine “dark period.”

After an interruption of two years in the second semester of 2025, user operation is planned to

resume for friendly “expert” users, who volunteer their experiments to be used as early test cases for

ongoing commissioning and/or who are willing to work with not fully commissioned equipment and

software. Regular user operation shall proceed beginning 2026.

18.8 Concluding remarks

We described in this document a beamline which shall replace the current cSAXS beamline and

which shall allow highly optimized conditions for coherence-based techniques in the hard x-ray range

from ⇠ 6 keV to ⇠ 30 keV photon energy. Its most characteristic features are stable, yet flexible beam

delivery optics and a 200Megapixel detector, which will allow highly e�cient sampling while mitigating

some of the adverse e↵ects of the high flux density. The beamline design is modular, such that it is

able to accommodate future upgrade needs, both with regard to the x-ray optical setup and to the

infrastructure in the experimental hutch. However, we do not see a “smooth transition” between the

current and the future instrument: The former has to be disassembled to make room for the latter.

The instrument as described here will allow researchers at PSI to further build on and develop their

leading expertise in various forms of ptychographic imaging and on novel high-brilliance applications



344 “COHERENT SMALL-ANGLE X-RAY SCATTERING” CSAXS

of SAXS. Both Swiss and international researchers will be thereby o↵ered uniquely suitable conditions

for the most demanding imaging and scattering measurements.
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Application Small pixels Large area Rapid readout

Ptychography • facilitating sampling in
q-space

• reducing the number of
scan positions

• high spatial resolution
(even if frequently
limited by other factors
than detector size)

• reducing detector
overhead

• many low-SNR
measurements often
preferable to few
high-SNR measurements

SAXS • extending the length
scale

• high spatial resolution • extending time resolution
• allowing high-rep.-rate

experiments

Table 18.6: Importance of detector geometry and readout rate for two representatives for the main

activities at cSAXS. Advantages of rapid readout a↵ect any scanning microscopy technique, i.e., hold

equally for scanning SAXS etc. and ptychography.
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Chapter 19

TOMCAT 2.0: Multiscale - Multimodal -
Dynamic Tomographic X-ray Microscopy

F. Marone, A. Bonnin, C. M. Schlepütz, G. Mikuljan, P. Zuppiger,
and M. Stampanoni

In a nutshell

In the last decade, TOMCAT has been providing cutting-edge tomographic microscopy to a

heterogeneous international scientific community and has generated seminal contributions in

key areas like (bio-)medical research, material science, energy, geoscience, and paleontology,

to cite just a few. Internationally, TOMCAT is considered a benchmark and is presently

driving the developments of dynamical tomographic microscopy. To maintain and strengthen

our leading role in the field, we plan to capitalise on our expertise in multiscale, multimodal

dynamic tomographic microscopy and propose to deploy the TOMCAT 2.0 upgrade on two

beamlines, dubbed I-TOMCAT, a brand-new instrument based on an insertion device of

the latest generation (see Section 2.2), and S-TOMCAT, powered by a new high-field

superconducting bending magnet. The embedment of SLS 2.0 within PSI will allow the

implementation of innovative technical solutions in a very short time: at a pace that com-

petitors will not be able to follow. TOMCAT 2.0 will be unique in o↵ering one entry point

for complex dynamical, high-throughput multidimensional imaging tasks requiring a spatial

resolution ranging from 100 nm up to 10 µm and energies from 8 up to 80 keV. TOMCAT 2.0

on SLS 2.0 will provide images of increased quality, boosted by the smaller source size and

higher photon flux at most energies. The upgrade will lead to better and novel characteri-

zation techniques, with simultaneously higher spatial and temporal resolution, pushing dy-

namic tomographic imaging towards unexplored frontiers. Extensive capabilities for in-situ,

operando, in-vivo and in-fieri experiments will be o↵ered to broad academic and industrial

communities addressing grand challenges in medical, energy and the material sciences. The

TOMCAT 2.0 upgrade will enduringly establish PSI on the map as one of the best imaging

facilities worldwide for the next 20 years.

–353–
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19.1 Upgrade motivation – goals – expected impact

X-ray tomographic microscopy provides quantitative volumetric information on a large variety of

opaque samples in a fast and non-destructive manner with micrometer spatial resolution for samples

of a few millimetres in diameter. The high brightness of synchrotron radiation sparked the develop-

ment of multi-modal imaging techniques, including phase contrast, dark-field imaging, and di↵raction

CT. Over the last few years, new fast camera and readout systems [1] have triggered the advance of

dynamic tomographic studies, to a point where processes can be followed in 3D up to speeds of 20 to-

mograms (i.e., 3D volumes) per second at a few microns spatial resolution. TOMCAT has been at the

forefront from the very early days of synchrotron-based tomography, both for fast tomographic mea-

surements and for multi-modal imaging. In the last decade, TOMCAT has been providing cutting-edge

tomographic microscopy in di↵erent flavours to a heterogeneous international scientific community and

has generated seminal contributions in key areas like (bio-)medical research [2], material science [3],

energy [4], geoscience [5], and paleontology [6], to cite but a few.

In addition to a significant overall increase in image quality boosted by the higher photon flux at

most energies, the unprecedented beam properties of SLS 2.0 will lead to better and novel charac-

terization techniques, with simultaneously higher spatial and temporal resolution, pushing dynamic

tomographic imaging towards unexplored frontiers. We plan to capitalize on our expertise in multi-

scale, multimodal, dynamic tomographic microscopy and propose to deploy the TOMCAT 2.0 upgrade

at two beamlines, dubbed I-TOMCAT a brand-new instrument based on an insertion device of the

latest generation, and S-TOMCAT powered by a high-field superconducting bending magnet. With

two beamlines, TOMCAT 2.0 will o↵er a unique and comprehensive imaging portfolio at energies

ranging from 8 up to 80 keV. In Annex 19.5.1, we briefly discuss the impact of the TOMCAT 2.0 up-

grade on the science carried out by current and future users, while Figure 19.1 illustrates the expected

improvement in tomographic capabilities at TOMCAT 2.0 compared to the present status. The figure

shows the time needed to acquire a 3D volume at a given 3D resolution for di↵erent instruments and

techniques.

TOMCAT 2.0 will enable the study of dynamic processes over an unparalleled length scale range

(100 nm up to 10 µm), to some extent even in a simultaneous manner, an important aspect for processes

with hierarchical structures. We foresee up to three orders of magnitude increase in time resolution

for the Transmission X-ray Microscopy (TXM) instrument with a target spatial resolution of at least

100 nm and almost a doubling of the operating energy range. The full-field instrument will experience

almost two orders of magnitude improvement in speed and up to one order of magnitude better spatial

resolution for the same energy. For the same time and spatial resolution, it will be possible to double (!)

the probing energy, enabling the investigation of significantly thicker and heavier samples compared to

now. Similar arguments hold for the fast instrument. Its time-resolution will be pushed to the physical

barrier imposed by centrifugal forces acting during sample rotation. Overcoming this barrier means

entering the domain of single-shot kHz (and above) 3D imaging, which will require illuminating the

sample simultaneously from multiple directions under limited — or eventually even no — specimen

rotationa.

The higher flux and larger fraction of coherent photons at higher energies as well as a palette of

aTime resolutions in the kHz regime have been achieved already thanks to post-gating techniques
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Figure 19.1: Expected development of tomographic microscopy capabilities on TOMCAT 2.0. The

performance of TOMCAT at the current SLS is marked in light-blue, while TOMCAT 2.0 features at

SLS 2.0 are given in light-red. Brown arrows indicate expected orders-of-magnitude sized improve-

ment of our core instruments: a transmission x-ray microscope, a parallel-beam full-field device and

a fast-imaging instrument. Expected performances of full-field x-ray fluorescence (XRF-CT) and om-

nidirectional computed tomography (OD-CT) are indicated as well. Light-red arrows show future

extension of the techniques. The 100 g centrifugal force barrier marked on the left indicates the

physical limit for the transition from rotating to non-rotating sample environments.

specialized in-situ, operando, in-vivo, and in-fieri sample environments will be instrumental for the

investigation of dynamic phenomena under realistic conditions (e.g., less boundary e↵ects) and will

expand the scope of current high-speed capabilities to new systems and scientific questions. Low-dose

in-vivo studies on small and larger organisms will also strongly benefit from the unrivalled beam

properties at SLS 2.0. The investigation of large volumes at high resolution — stitched teravoxel

tomography [7] — will become routine. TOMCAT 2.0 dynamic aspects will be complemented by

3D multimodal capabilities revealing, in addition to the 3D microstructural evolution, information

on the elemental distribution (full-field x-ray fluorescence tomography), crystallographic orientations

(white-beam di↵raction contrast tomography) and structural anisotropy (omnidirectional Talbot in-

terferometry).
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19.1.1 Uniqueness compared to other present and planned beamlines worldwide

Essentially all synchrotron facilities worldwide operate or plan a hard x-ray TXM or a full-field tomog-

raphy beamline. Consequently, both new and currently upgrading facilities all have a strong imaging

program in their refurbishment portfolio. TOMCAT is internationally considered a benchmark; it has

established itself as a world reference for tomographic imaging performed at energies between 8 and

30 keV, making very good use of the excellent performances of the SLS machine in that particular

energy range. The documented great success of the beamline with more than 600 papers published so

far and a ten-years average overbooking factor of 1.6 — and this, despite data acquisition becoming

more than ten times faster during the last few years — clearly places TOMCAT at the forefront of

the synchrotron imaging community. Several facilities have plans to build imaging beamlines inspired

by TOMCAT (AS in Melbourne, PAL in Pohang, SSRF in Shanghai, ALBA in Barcelona, HEPS in

Beijing, MOGNO in Campinas, BEATS in Amman), while others have clearly identified (full-field)

imaging as their ”raison d’ être” for their upgrade programs (ESRF and APS in particular).

The proposed TOMCAT 2.0 upgrade foresees the implementation of a number of high-potential

technical innovations which will guarantee us a leading position in the imaging community for the

next two decades. We are not aware of any other institution able to design, construct, install, and

commission a superconducting short-period undulator and a superconducting high-field longitudinally-

graded bending magnet, while simultaneously o↵ering access to resources conceiving and fabricating

both novel optics and detectors: such a synergetic e↵ort is only possible at PSI and will enable an

e�cient implementation of innovative ideas at a pace that competitors will not be able to keep. No

one worldwide can/will o↵er such a flexible operative range as TOMCAT 2.0 will be able to do,

as most of the competitors usually run full-field and TXM endstations with independent, often not

even collaborating, teams. Our crew will share knowledge and distribute it on either I-TOMCAT or

S-TOMCAT ensuring the latest developments and protocols are implemented and exploited.

19.1.2 Impact of the new ring brilliance

At SLS 2.0, we expect a significantly larger horizontal transverse coherence length compared to SLS

today, given by the much-improved horizontal emittance properties of the SLS 2.0 machine. This

will lead to an almost isotropic transverse coherence function — for S-TOMCAT the source actually

becomes slightly smaller and round, while now we have roughly a 7:1 (H:V) ratio — which will

translate into a generally improved image quality for all phase-contrast techniques implemented at

TOMCAT 2.0: propagation-based, grating interferometry, Zernike and, in the long term, single-shot.

In its simplest form, phase-contrast imaging relies on the detection of interference fringes arising from

a subtle refraction of the x-ray beam at interfaces between materials with slightly di↵erent refractive

indices. In the current SLS, the horizontal fringe visibility is significantly reduced due to source size

blurring, an e↵ect which is exacerbated by increasing the propagation distance (and hence reducing

the source demagnification ratio of the imaging system). Much sharper fringe patterns — resulting

from the increased SLS 2.0 brilliance — will dramatically boost phase-contrast sensitivity. New phase-

reconstruction algorithms to take optimal advantage of that situation are already under development

in the community [8]. This will be particularly important for coarse resolution scans in multiscale

imaging and high-energy experiments, both of which require larger propagation distances; and for
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high-speed measurements, where the enhanced fringe visibility will allow feature detection even at

very low signal to noise ratios.

It has to be pointed out that not only phase-sensitive techniques will profit from the improved ring

brilliance. One advantage of SLS 2.0 (compared to other – larger – rings) is that due to its small

dimension it is actually possible to install optical components very close to the source. For a 2 m

short-straight undulator and a predicted machine emittance reduction of 30⇥ along the horizontal

direction, we expect a significant reduction of horizontal source size and divergence compared to

TOMCAT. We calculated that a refractive axicon [9] placed at 15 m from the source will collect

the full undulator beam with a transmission e�ciency higher than 97% at 12 keV. This will allow

us to e�ciently operate the TXM at 400⇥ magnification with a working distance of 50 mm. In

combination with a MOENCH detector, this will result in a pixel size of 65 nm and we expect to

collect about 4000 photons/pixel/frame at 1000 frames/sb. This means an improvement in speed

of about 2000⇥ compared to what we can do now on TOMCAT, see Figure 19.1. More details are

provided in Section 19.2.

19.1.3 Complementarity to other PSI BLs

TOMCAT 2.0 will focus mainly on the dynamic multi-modal aspects of tomographic microscopy. Our

goal will be to provide time-resolved image volumes of evolving samples, in situ, in vivo, operando,

or in fieri. We target a maximum spatial resolution of 100 nm, while chemical discrimination will be

in the order of 600 to 900 eV. In this sense, TOMCAT 2.0 will be complementary to cSAXS (where

spatial resolution is pushed to the physical limits) and microXAS (where chemical imaging is the daily

business and can be performed at higher spatial resolution). We are and will continue cooperating

with the cSAXS and microXAS teams, for instance in the development of ptychographic methods

as well as full-field XRF-CT and WB-DCT. Other beamlines are planning to reinforce their imaging

portfolio (Phoenix, PolLux, and SIM in particular) and we will be very happy to share our knowledge

in tomographic imaging with them.

19.1.4 Size and impact of community – potential increase through the upgrade

TOMCAT’s 10 years average overbooking factor is 1.6, while during the last five years, it risen to 1.8.

These can be considered healthy numbers and they confirm a sustained interest in the beamline, which

has been fully booked for more than a decade. In view of the SLS 2.0 upgrade, we organized a workshop

in November 2016c, where we invited key opinion leaders (KOLs) from our broad user community to

brainstorm on the mission of TOMCAT 2.0. Physical limitations of the current TOMCAT beamline

were discussed and game-changers as well as new science enablers were identified in

• the capability to dynamically resolve 3D morphological details down to 100 nm (in situ, in fieri,

operando, in vivo);

bThe present MOENCH0.3 design can handle a maximum of 1000 photons/pixel/frame. Future designs might perform

better in this respect and will further contribute towards better image quality.
c“Towards TOMCAT 2.0: selected scientific cases and preliminary specifications”, PDF Report sent to SLS manage-

ment on November 7th, 2016.
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• in the ability to visualize sub-micron functional features (like fiber orientation in a polymer

material) on large areas;

• in the implementation of correlative microscopy options (fluorescence information on top of

structural details).

These are features which can only be successfully implemented on an undulator beamline, as proposed

for I-TOMCAT. Last, but not least, imaging up to 80 keV has been identified as a key functionality to

extend significantly TOMCAT 2.0 capabilities and its user portfolio. This feature can only be provided

on SLS 2.0 by using a high-field superconducting bending magnet, as suggested for S-TOMCAT. The

proposed conceptual design for TOMCAT 2.0 has thus been driven by the imaging needs dictated

by the science carried out by world-leading scientists. A letter of support in this sense signed by

12 KOLs was attached to the November 2016 report. With a real-time hard x-ray TXM operated

synergistically with a high-energy full-field imaging setup, TOMCAT 2.0 will capitalize on a decade

of cutting-edge tomographic microscopy expertise and attract a plethora of new users fully exploiting

the new opportunities.

19.1.5 Industrial potential

TOMCAT is being regularly booked by industrial customers and their interest in multiscale, dynamical

tomographic imaging is constantly growing. Our proprietary research reflects the flexibility of the

TOMCAT instrument and our industrial requests come from very di↵erent areas (like pharmaceutical,

energy or space technology). We do not o↵er a standardized product, but rather a customized service

to target specific problems. We advise customers on how to design their synchrotron experiment

and we help them during the beamtime and whenever possible in the quantification of the generated

data: this comprehensive service package is a very much appreciated asset. A successful industrial

beamtime requires a significant e↵ort from the local team, before, during and after a proprietary

beamtime. In March 2019, we hired an industrial liaison scientist, dedicated to this task and with

the charge to develop an even more complete and competitive industrial program on TOMCAT 2.0.

The flexibility of our technology is mirrored by the heterogeneity of our industrial community. Within

the context of a EU-funded project proposal, we recently asked for Letters of Support (LOSs) and

the response from industry was enthusiastic, with supportive statements from ABB, Novartis, Toyota,

Shell, TyssenKrupp, Lument and SAFTd. Although it might be di�cult to group all those companies

into a consortium willing to co-fund a complete beamline, we think that such a strong interest from a

broad variety of companies is actually a very healthy operational context as our industrial income is

diversified and hence does not depend on a single industrial area.

19.2 Conceptual design

The TOMCAT 2.0 upgrade will be deployed on two beamlines: (i) I-TOMCAT, based on a super-

conducting, short-period undulator (SCU10) and (ii) S-TOMCAT, powered by a superconducting

high-field longitudinally graded bending magnet.

dLetters of support can be made available.
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I-TOMCAT will be installed at Sector 2, and will not interferee with potential EEHG plans at

ADRESS (RIXS). As for any new beamline, I-TOMCAT will require a new front-end, an optical

and an experimental hutch, as well as dedicated control rooms and sample preparation areas. We

do not plan to exit the WSLA building and foresee a maximum beamline length of 40 m. The

proximity to S-TOMCAT will allow us to synergistically share the location of control racks, existing

specialized labs, as well as mitigate shielding costs. For S-TOMCAT, we foresee the construction of a

small optics hutch to host a ML-monochromator (now in the front-end) and a Bent-Laue high energy

monochromator/beam-expander. Beamline repositioning following the displacements of the source-

point has been considered and related costs included in the budget request. Figure 19.2 presents the

first conceptual layout of TOMCAT 2.0, with I-TOMCAT adjacent to S-TOMCAT.

Figure 19.2: TOMCAT 2.0 conceptual layout. I-TOMCAT and S-TOMCAT will occupy Sector 2,

extending from Pillar 26 to Pillar 32 (Pillars 29–32 already occupied by TOMCAT now).

S-TOMCAT will deliver energies potentially up to 80 keV and accommodate samples up to 50 mm

eBased on the slides shown by P. Willmott at the Laboratory Meeting on September 24th, 2019.
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in diameter. I-TOMCAT will provide photons up to 45 keV (60 keV for the SCU10) for samples up to

1 mm diameter and will be optimized for high-speed TXM imaging. Some methods and end-stations

will be interchangeable between S-TOMCAT and I-TOMCAT, as summarized in Table 19.1.

S-TOMCAT I-TOMCAT

Source Superbend 4T (6T) U14 (SCU10)

Energy range 10–50 keV (10–80 keV) 8–45 keV (8–60 keV)

Optics Multilayer monochromator (MLM)
Bent Laue (magic condition)

Channel-cut
MLM-based harmonic suppression

Broad-band option White beam (filtered) Pink beam (single harmonic)

Sample diameter < 50 mm @ 25 m < 1 mm @ 30 m

Techniques

Enhanced absorption and propagation-based phase contrast imaging
Dynamic tomographic imaging (4D)

WB-DCT
OD-Talbot interferometry
Wide-field tomography

TXM
Zernike phase contrast
Fourier ptychography
XRF-CT

Detectors 20 kPix horizontal
High-NA optical coupling
GigaFRoST2.0

MOENCH(s)
High-NA optical coupling
GigaFRoST2.0

Endstations Interchangeable sample holders compatible with both branches
Versatile sample manipulators

Generous in-situ, operando and in-vivo capabilities

Table 19.1: Most relevant aspects related to the TOMCAT 2.0 upgrade.

19.2.1 Sources

The SLS 2.0 machine will be a game-changer for dynamic tomographic microscopy: a rounder source

will intrinsically improve the quality of every phase-contrast-based imaging technique, while the im-

proved emittance figures will permit the installation of insertion devices of the latest generation.

Figure 19.3 illustrates the expected flux for di↵erent superbend and ID options on SLS 2.0, while Fig-

ure 19.5 provides a first estimation of the spectral flux densities at sample position for two high-field

bending magnets options (4-T and 6-T peak fields) compared to TOMCAT on SLS (2.9-T peak field),

as well as two undulator options (U14 and SCU10) for the new I-TOMCAT beamline.

• I-TOMCAT with SCU10: Compared to TOMCAT today, a superconducting U10 insertion

device operated at K=2.4, will provide an increase in spectral flux between 1000⇥ up to 10000⇥
for energies between 40 keV and 10 keV with a corresponding gain in photon flux between 200⇥
and 2000⇥ for a bandwidth of 0.5%. Significant flux is expected above 40 keV as well, exact

calculations are pending, see Figure 19.5. The SCU10 is the ID which will make TOMCAT 2.0

unique and the novel technology required for the development of the SCU10 would be directly

applicable for the design and implementation of the PORTHOS beamline at SwissFEL. The PSI
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Figure 19.3: Expected photon flux as provided by di↵erent high-field superconducting magnets on

S-TOMCAT (2.9 T corresponds to TOMCAT on SLS) as well as I-TOMCAT undulators, including a

commercially available U14 as well as the proposed superconducting U10 presently under development.

Figure 19.4: The scaling laws published in the literature are presented in the undulator field B0 versus

the undulator period �u plane at 4 mm magnetic gap for permanent magnets (SMCo), cryogenic

permanent magnets (PrFeB) and low temperature superconductors (NbTi and Nb3Sn). The highest

value for GdBCO has been plotted after applying a geometrical scaling factor from 6 mm to 4 mm

magnetic gap.

Insertion Device group has started an R&D program on HTS undulators aiming at reducing the

period length and increasing the undulator’s magnetic field well beyond the present capability.

Simulation results for a 10 mm period and 4 mm magnetic gap staggered array of GdBCO bulks
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Figure 19.5: Spectral flux (top) and flux (bottom) density incident upon 1 mm2 estimated at the sample

position (25 m for S-TOMCAT and 30 m for I-TOMCAT). Note that all numbers will be recalculated

as soon as the lattice design will be frozen and will be refined at the TDR stage, including proper

ray-tracing.

predict a peak magnetic field greater than 2 T. A first measurement campaign, see Figure 19.4,

confirmed the high-potential of GdBCO bulks compared to permanent magnets and low temper-

ature superconductors. Even higher performances are expected with reinforced bulk supports
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to avoid quenches. As a next step, a standard 10-period short undulator will be assembled

and tested at the nominal gap of 4 mm. The team aims to deliver a final design of a full-scale

undulator in 2021f. This timeline is well aligned with our project, which foresees the order of

a commercially available U14 (as a risk mitigation option) at latest in mid 2021, to guarantee

on-time delivery, commissioning and installation.

• S-TOMCAT with high-field superconducting bending magnet: Following our TOM-

CAT 2.0 workshop in November 2016, we identified a 6 T superconducting bending magnet to

be the ideal source to address the growing demand of high-energy applications. Intense discus-

sions involving machine, magnet and vacuum experts have shown that the technology required

to reach such high fields under the constraints imposed by the SLS 2.0 lattice is not mature yet.

It was therefore decided to defer the R&D related to the 6 T (or even higher!) magnets to the

CHARTg initiative, in which PSI has a leading role. At the time of writing, the most promising

solution for S-TOMCAT seems to be an H-shape in-vacuum design, see Figure 19.6, potentially

reaching a peak field of 5 T.

Compared to the originally proposed C-shape, the ”H” design is preferred, as it is more stable,

easier to design, cheaper and can provide higher fields. It will require additional gate valves

to guarantee a smooth installation, though. A 5 T superbend would be an acceptable solution

for S-TOMCAT, providing a significant improvement compared to TOMCAT and being aligned

with future developments within the CHART program.

We would like to emphasise that, while we fully understand that the machine team would like to

start up SLS 2.0 without superbends, S-TOMCAT will significantly underperform compared to now

if operated on the SLS 2.0 normal bend.

19.2.2 Front end

I-TOMCAT will require a new front end, including diaphragm, absorber, CVD window, slits pairs,

filter battery, beam position monitors, and safety shutter (with bremsstrahlung blocker). The design

of a high-power diaphragm and high-power slits pair able to cope with the intense emission of the

SCU10 is well advanced. The S-TOMCAT front-end components will be partially refurbished and

relocated, while the DMM/DCM monochromator will be decommissioned in favor of a significantly

improved new design. The exact location of each component will be determined once the lattice will

be fixed.

19.2.3 Optics

This section discusses the design concepts of key optical components currently under consideration for

the TOMCAT 2.0 upgrade.

• Double Multilayer Monochromator (S-TOMCAT, < 40 keV): We foresee an upgrade of

the TOMCAT monochromator [DMM only, no Si(111)]. It will be designed to accept the full

beamline divergence (expected to be 2 mrad, as defined by the diaphragm) at about 10 m distance

from the source. Note that the DMM will be located outside the front-end in a dedicated optics

fInternal communication by Dr. M. Calvi, PSI Insertion Device group.
gCHART: Swiss Accelerator Research and Technology
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Figure 19.6: Currently proposed designs for an in-vacuum H-shape superconducting longitudinally

graded (above left) and C-shape in-air bending magnet (below left). The in-vacuum solution allows

the reduction of the magnetic gap down to 35 mm (compared to 46 mm for the C-shape). Consequently,

a peak field up to 5 T will be reachable with established Ni-Ti superconducting technology.

hutch, see Figure 19.2. Several multilayer (ML) coatings are currently under investigation, see

Figure 19.7.

• Vertical beam expansion (S-TOMCAT, > 40 keV): A Bent-Laue monochromator can be

operated in the so-called magic condition (coincident geometrical and spectral foci), to perform

(phase-preserving) beam expansion in the vertical direction [10]. A post-doc (member of the

team who first proposed this method) has been hired to investigate and ray-trace this particular

optical component.

• Artificial Channel Cut (I-TOMCAT): A fixed-exit monochromator based on an o↵-surface

rotation center geometry (artificial channel cut) is currently considered as a compact and fast

wavelength selector and harmonic suppressor.

• Axicon-TXM (I-TOMCAT): A refractive axicon lens shall be used to prepare the illumination

of a di↵ractive beamshaper in TXM configuration. This approach will make full use of the

SLS 2.0 improved emittance by distributing the full (transmission >97% for energies higher
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Figure 19.7: Left: Reflectivity curves at 20.9 keV for di↵erent ML materials: Al2O3/B4C with a band-

width significantly narrower than W/B4C (layer thickness ratio optimised for reflectivity). Middle:

Peak reflectivity as a function of the number of layers. Right: optimization of d-spacing to further

maximize reflectivity (has an e↵ect on the geometry!).

than 12 keV) beam from the ID-source in an annular area onto the beamshaper, making the use

of a classical beamstopper unnecessary, see Figure 19.8.

• High-NA optical coupling (I-TOMCAT and S-TOMCAT): We recently introduced [11] a

specially designed large numerical aperture optical coupling (4⇥) at TOMCAT, which leads to

a system with a significantly improved modulation transfer function (MTF) and e�ciency and

has been a game-changer for essentially all users working at this magnification, and in particular

for the dynamic applications. We foresee similar optics for higher magnifications to be installed

on both branches.

19.2.4 Operation modes

Figure 19.9 sketches the top views of the proposed beamline designs for the TOMCAT 2.0 upgrade.

• S-TOMCAT: The layout corresponds essentially to TOMCAT at SLS. The main di↵erence

is the location of the DMM (5) outside the front-end tunnel as well as an optional Bent-Laue

monochromtator (6) which can be inserted on demand (current idea). Secondary slits (7) are

located in the existing TOMCAT experimental hutch. The sample (8) is placed for illustration

at 25 m from the source. S-TOMCAT will be o↵ering omnidirectional Talbot interferometry

capabilities, a method we have recently introduced [12] and are constantly improving. This

approach allows for an e�cient measure of anisotropy distributions in 3D and 4D across several

length-scales. This method could be implemented on I-TOMCATfull-field mode as well.

• I-TOMCAT full-field: This configuration will provide ultra-fast structural information at

about 1 µm spatial resolution. An artificial ML channel-cut monochromator (5) will guarantee

fast monochromatization and harmonic rejection. Secondary slits (6) will be installed in the first

part of the experimental hutch. Samples with a diameter up to 600 µm and up to 1200 µm can be

measured by positioning the specimen at 25 m (7) and 38 m (8) from the source, respectivelyh.

hThese values have been calculated assuming a diaphragm aperture of 25 µrad, which seems to be a realistic source

divergence when the ID is operated in combination with a multilayer optics.
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Figure 19.8: A parabolic axicon refractive surface can be used as a lens in order to distribute the

incoming intensity into a ring area in the far field [9]. A beamshaper positioned on-axis at that

location will be illuminated accordingly, exploiting the full beam of the ID and making the need for a

beamstopper obsolete.

Further, using two MOENCH detectors placed at 90� from the optical axis (10) combined with

two 10 µm pinholes, it will be possible to provide 3D elemental mapping at around 10 µm spatial

resolution and 600 – 900 eV energy resolution, without the need of microbeams, or scanning.

The full-field detector (9) is illustratively placed at 40 m.

• I-TOMCAT axicon TXM: By inserting an axicon (6) right after the monochromator, the

beam can be shaped (see Figure 19.8) in order to optimally illuminate a structured condenser

(8) as originally proposed by Stampanoni [13] and refined by Vartiainen [14]. By appropriate

manipulation of the wavefront with phase modulators (”rings”) placed in the back-focal plane

of the zone plate (10), the TXM can be operated in Zernike phase-contrast mode. Assuming the



19.2. CONCEPTUAL DESIGN 367

Figure 19.9: TOMCAT 2.0 top views. Upper panel: S-TOMCAT in full field mode. Middle panel:

I-TOMCAT in full field (with XRF-CT add-on). Bottom panel: I-TOMCAT in axicon-TXM mode.

In all panels: 1 = source, 2 = aperture, 3 = primary slits, 4 = primary filters. The sample location

is marked with a green dot. The exact on-axis location of the front-end components is still open and

will be finalized as soon as the lattice is fixed.

SCU10 as a source, an axicon e�ciency larger than 97%, a condenser and zone-plate e�ciency

of about 10% as well as a MOENCH operated in 2⇥ pixel virtualization mode (11), a first back-

of-the envelope calculation made for 12 keV photon energy shows that it should be possible to

achieve a frame rate of 1000 frames-per-second with the TXM operated at 400⇥ (theoretical

pixel size of 65 nm) and a working distance of 50 mmi.

The axicon-TXM can be naturally extended into a Fourier-ptychography x-ray microscope (pio-

neered by cSAXS/TOMCAT [15]) for even further improved spatial resolution and quantitative

phase retrieval. To optimally exploit this new method, multiplexed zone-plates as well as a large

area MOENCH (2⇥3 cm2) will be needed.

iHere we assumed a large area MOENCH (at least 1000x1000 pixels) to be available at the time of operation.
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On a longer time perspective, i.e., after the consolidation of TOMCAT 2.0 we are considering inves-

tigating the potential of some ideas for future method developments, as summarized in Section 19.5.2.

19.2.5 IT requirements and controls

The higher brilliance provided by the new machine and the proposed expansion of the dynamic imaging

program at TOMCAT 2.0 will lead to the generation of data with a rate in excess of tens of TB per

day. We have estimated that each branch could routinely deliver 16 TB of raw data per day at the

start of SLS 2.0 and that the corresponding derived data (tomographic reconstructions) could amount

to 50 TB/dayj. For an e�cient user operation, each branch will need 400 dedicated online CPU cores

and access to an HPC infrastructure (typically requesting 400 CPU cores per job). Management of

these large data, including streaming, reconstruction, analysis, and archiving, is a big challenge. As

one of the beamlines at SLS currently producing the largest amount of data, we are strongly involved

in the discussions with the IT section for the development of scalable and sustainable solutions for

SLS 2.0. Approaches allowing an active control of this data deluge are currently being developed:

for instance, we have identified several intervention opportunities for data reduction along the entire

data chain including classical lossy compression and smart data acquisition. Strategically, we are

considering filling one of the 3 FTEs budgeted for the TOMCAT 2.0 upgrade with a computer scientist

profile, i.e. a dedicated resource within the group who will actively contribute to the developments

of computational solutions to address our imaging challenges with potential benefit also for other

beamlines such as PX or cSAXS.

19.3 Timeline

From an infrastructural and logistical point of view, the SLS 2.0 upgrade is a significant challenge. In

this context, the TOMCAT 2.0 project o↵ers the unique opportunity to distribute some of the working

load (in particular the matrix pull) over a period preceding the dark-time. In fact, I-TOMCAT shall

be installed on Sector 2 — presently not in use — and therefore can be realized to a great extent well

before the expected downtime.

Assuming appropriate funding will be available we laid out a timeline aiming at designing, procur-

ing, installing and commissioning most of the I-TOMCAT components during the 2020-2023 period

(see Figure 19.10), while guaranteeing full operation of TOMCAT on SLS at the same time (see Fig-

ure 19.11). At the time of writing this CDR, we already started working on our TDR and plan to be

ready to place first purchase orders by Fall 2020.

19.3.1 Risk mitigation: SCU10 vs U14

The SCU10 might not be ready by the SLS 2.0 restart and an exact timeline (including costs) for its

development are still undefined. Therefore, we have budgeted a commercially available U14 (2 MCHF)

and plan to order it as a contingency at the latest in Q1-2021, i.e., about two years before the beginning

of the dark-time. At the latest by that time-point, we expect the ID-team to be able to provide a

jData presented by G. Mann (Head of IT) at the Pre-CDR Workshop in April 2019.
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binding timeline for the design, construction and installation of the SCU10 on SLS 2.0. Therefore,

we will be able to assess whether it will be realistic to expect an SCU10 on I-TOMCAT at the time

SLS 2.0 is scheduled to start up. If not, we will have to opt for a risk mitigating decision, i.e., order

and temporarily install the U14 (either in the first or second half of the Sector 2 straigh) to guarantee

user operation. Obviously, the U14 is a back-up solution as it will clearly underperform compared to

the SCU10. Therefore, once the SCU10 will be ready, it shall be immediately installed in the free half

of the Sector-2 straight. It should be possible to commission it with minimal e↵ects on the I-TOMCAT

user operation. After a successful SCU10 commissioning, the U14 can be removed. We understood

that the U14 can be kept as a spare ID for other SLS 2.0 beamlines or we can consider reselling it to

other facilities.
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Figure 19.10: I-TOMCAT Gantt chart: Most of the installation work is scheduled to take place before

the dark period.
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Figure 19.11: S-TOMCAT Gantt chart: User operation on TOMCAT will be maintained until the

beginning of the dark period and will resume immediately when SLS 2.0 becomes operational.

19.4 Concluding remarks

The TOMCAT 2.0 upgrade relies on the SCU10 and the 5 T (or above) superconducting magnet as

sources: both components are pushing the limit of the involved technologies towards new frontiers
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and there is a certain risk involved. This is not new to PSI though, where very ambitious projects

have notably been carried out successfully. For over a decade, TOMCAT has been running smoothly

and at very high performance level, with hundreds of really very happy users. While being a bit

worried about the very sporty SLS upgrade schedule, the user community welcomes the SLS upgrade

enthusiastically and is very much eager to be back in operation as soon as the new machine resumes,

expecting and relying on a significantly improved performance. This is a much higher expectation

compared to starting up a greenfield machine: SLS (and PSI) reputation is at stake and we must

therefore guarantee a timely return-to-operation within specifications. If successful, the TOMCAT 2.0

upgrade, with the I-TOMCAT and S-TOMCAT branches, will enduringly establish PSI on the map

as one of the best imaging facilities worldwide for the next 20 years. Multiscale, multimodal, dynamic

tomographic microscopy for better and novel characterization techniques, with simultaneously higher

spatial and temporal resolution, will push dynamic tomographic imaging towards unexplored frontiers.

Extensive capabilities for in-situ, operando, in-vivo and in-fieri experiments will be o↵ered to broad

academic and industrial communities addressing grand challenges in medicine, energy, and the material

sciences.
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19.5 Annex I: Vision 2035 - Science and technology

19.5.1 Science

The realisation of the TOMCAT 2.0 upgrade will firmly establish PSI on the map as one of the best

imaging facilities worldwide for the next 20 years. In the following, we provide a brief summary of

long term visions in three representative areas selected from our research portfolio.

Optogenetically stimulated cardiac x-ray microscopy imaging

The description of the complex (micro)-structure of the heart is nowadays accessible via diverse tech-

niques, including phase-contrast tomographic microscopy. The link between microstructure and heart

function stills remains an open and highly debated scientific challenge. Recently, optogenetics [16]

has been suggested as a powerful method for precise, genetically engineered, excitation of the car-

diac muscle at the cellular level. This technique brings new insights on the cell-type-specific activation

mechanism, facilitating the control of cardiac rhythm. Optogenetics is currently mainly combined with

optical imaging. If associated with x-ray tomographic microscopy as performed on TOMCAT 2.0 this

could open the door to better spatially and temporally controlled in-vivo experiments. An improved

understanding of how cardiac cells behave in 3D during a heartbeat is of prime interest for cardiology.

It will contribute to more reliable computer models and eventually improved clinical practice, such as

the development of pain-free implantable devices to treat arrhythmias.

Unveiling the relationships between di↵erent levels of the brain organization

The human brain participates in every human emotion, every human feeling, every human thought

and every human decision. No other natural or engineered system can match its ability to adapt to

novel challenges, to acquire new information and skills, to take complex decisions and to work reliably

for decades on end. And despite its many diseases, no other system can match its robustness in the

face of severe damage or match its amazing energy e�ciency. Our brain consumes about 30 W, the

same as an electric light bulb, thousands of times less than a small cluster. The human brain is a

massively complex information-processing system with a hierarchy of di↵erent yet tightly integrated

levels of organization: from genes, proteins, synapses and cells to microcircuits, brain regions, and

the whole brain. Today, we know a lot about the individual levels. What we do not have is a causal

understanding of the way events at the lowest level in the hierarchy cascade through the di↵erent levels

to produce human cognition and behavior. For example, more than a hundred years of research have

yet to give us a proper understanding of the link from synaptic plasticity to learning and memory, or

of the way a gene defect works through the di↵erent levels to produce disease. Achieving this kind

of understanding is a major challenge for neuroscience with implications that go far beyond research:

if we could understand the brain, we might prevent or cure brain diseases such as autism, depression

and Alzheimer’s; we could also produce new computing technologies that share the brain’s ability to

operate reliably on very little power, and its ability to learn. PSI large-scale facilities like SLS 2.0 and

SwissFEL will contribute to answering key questionsk concerning the relationships between di↵erent

k“PSI Neuroscience Strategy Paper”, submitted to SLS management on January 25th, 2015.



374 TOMCAT 2.0: MULTISCALE - MULTIMODAL - DYNAMIC X-RAY TOMOGRAPHY

levels of the brain organization. How many and what types of cells are present in di↵erent regions

of the brain? What are their morphologies? What are the relationships between genetic mutations,

gene expression and morphology? How do neurons, glia and blood vessels interact? What is the

detailed architecture of the vasculature that directs blood within the brain? What is the structural

relationship between neurons, glia and vessels? How do changes in neurons alter the properties of

vessels and vice-versa? With its high-throughput, high-resolution multiscale dynamic tomographic

capabilities, TOMCAT 2.0 will be able to provide seminal contributions towards the answers to these

questions.

Active-feedback x-ray microscopy for additive manufacturing

The current widespread ongoing digitalization has sparked renewed interest in additive manufacturing

(AM), a promising technology showing high potential in particular in industrial areas where production

of complex parts, with a complicated geometry or surface topography is key. AM uses, e.g., design

software to control the layer-by-layer material deposition in arbitrarily complex shapes. A laser or

electron beam selectively (partially) melts the deposited material, which as it cools fuses to form a

3D object. The exact interplay between processing parameters like spot size and displacement speed,

beam power and the overall final object performance such as 3D microstructure, 3D phase distribution,

residual stresses and textures is key to the advancement of AM. Ultrafast multi-projection single-shot

tomographic imaging (see below) will be instrumental in moving away from a trial-and-error, post-

mortem approach. Single-shot tomographic imaging will eliminate the necessity to spin the specimen

and thereby will support (more) realistic production conditions in situ at the beamline. It will enable

one to unravel the details of the highly dynamic and transient physical phenomena occurring at

the beam-material interaction point as well as the pore and 3D microstructure formation process, in

fieri. Active feedback from key object performance values evaluated in real-time from the tomographic

volumes back to the processing parameters will pave the way to new production optimization strategies.

19.5.2 Methods developments

3D scattering imaging

The same instrument we will develop for full field XRF-CT can be used to implement a simple,

rotation-free 3D scattering imaging setup. Placed at a small angle with respect to the (vertically

collimated) direct beam, the pinhole + MOENCH ensemble can be used to collect the 3D volume of

a sample without the need of rotating it, following the old principle of the camera obscura.

Stereo x-ray microscope

At 25 m from the source, S-TOMCAT will provide a 50 mm wide beam. With a pair of crystals

positioned about 20 mm o↵-axis, it will be possible to create a stereo illumination of a sample placed

downstream. The longitudinal position of the crossing beams (i.e., the sample position) will depend on

the energy and selected crystal reflection. For a Si(220) crystal pair at 40 keV, the two beams will cross

122 mm downstream, each at an angle of 4.6� with respect to the optical axis. The two independent

projections (9.2� apart) will be recorded with MOENCHs in virtual pixelization mode to compensate
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for the reduced crystal bandwidth. Multilayers – instead of crystals – could overcome the bandwidth

limitation and significantly improve the e�ciency of this design. The stereo x-ray microscope will

mitigate the lack of 3D information in dynamical experiments that cannot accommodate a rotating

sample.

Optical klystron as an x-ray Michelson interferometer

We are considering using the SCU10 phase matcher to produce a phase-shifted, canted beam to emerge

from the undulator. While the direct beam will travel through the sample, the canted one will be used

as a reference to interferometrically directly recover the phase shift of the specimen in a quantitative

way. It will be possible to tune the phase shift between the two beams very quickly and adapt it to

the sample refractive characteristics, which might also vary quickly over time. This approach will fully

exploit the high-brightness properties of the SLS 2.0 machine together with the unique features of the

SCU10 device, providing a simple, powerful imaging tool.

Axicon-multiscope

Inspired by our recent work on hard x-ray multi-projection imaging for single-shot approaches [17],

we can imagine a beam splitter based on the combination of an axicon with a battery of crys-

tals/multilayers into a multiscope which should provide simultaneous illumination of a sample from

multiple directions. Depending on the number of usable illuminations it will be possible to achieve and

use, we aim at eliminating the necessity to rotate the sample during the acquisition of a tomographic

scan. If successful, this will open the door to fully 3-dimensional ultrafast imaging. This approach

could be complementary to SwissFEL, where a similar multiscope could be implemented and operated

at a lower pulse rate but with at significantly higher brilliance.

Compton x-ray microscopy

Recently, Villanueva [18] presented a sketch for a scanning x-ray microscope based on Compton (in-

elastic) x-ray scattering for high-resolution cellular imaging. Their estimates predict a minimal dose

per imaging signal to be obtained at 64 keV. This corresponds to a short enough wavelength to provide

nanometer transverse resolution and micrometer depth of field for tomographic imaging of whole cells.

In the presented sketch, the authors aim at reaching resolution via a scanning protocol: this requires

focusing high-energy photons to a few nm (potentially feasible with MLL of the future generation [19])

in combination with a detector (not clear of which type!) covering essentially a cylindrical space along

the optical axis around the sample. This is a very interesting proposal which we will keep on our radar.

I-TOMCAT, thanks to the unique high-energy emission characteristics of its SCU10, will be the best

option on SLS 2.0 to implement Compton x-ray microscopy, which could develop into a dose-e�cient

alternative to ptychography.
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