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The combined quantity of source size and divergence found
in the denominator of the expression for brilliance is referred
to as emittance, €. The horizontal emittance in the orbital
plane, &, = 0.0'x is generally larger than the emittance in
the vertical plane ¢, = 0,0',.

The total emittance in any one plane is a convolution of the
electron emittance, €2, which can be tuned according to the
storage-ring design, and the photon emittance, &, which is
a fundamental property defined solely by the photon ener-
gy. It can be shown that the source size and divergence
of radiation from an undulator source of length L, ignoring
contributions from the electron beam, are given by

o VAL .
0°="7 (2)
o®=yAL (3),
and hence
e= ()

The ratio 6”/0" is referred to as the photonic beta function
B? = L/4w, which has units of length and is independent of
the radiation wavelength. Analogously, the beta function of
the electron beam is given by 3° = 6°/0'¢; this can, howev-
er, be manipulated using electron optics.

It is thus important to match the storage ring parameters
at each source point to that source’s design. The flux of a
beamline is simply the brilliance multiplied by the total emit-
tance, and thus has dimensions of [ph/s/0.1 % bandwidth].
It is briefly noted that for some synchrotron techniques, flux
on the sample is more important than the brilliance, particu-
larly for those that do not require the smallest focus, or don’t
exploit the coherent properties of the beam.

In the hard x-ray regime, for which A ~ 1 A (12-keV pho-
tons), the photon emittance, according to Equation 4 is of
the order of 10 pm rad. Even for photon energies in the re-
gime of 1 keV, &° ~ 100 pm rad, and hence the photon emit-
tance is between one and two orders of magnitude smaller
than the electron emittance in third-generation facilities. The
performance of third-generation facilities is thus primarily
determined by the electron emittance.

B. Multibend achromats and the diffraction limit

The electron emittance is determined by the so-called radia-
tion equilibrium: like in a spectrometer, the bending magnets
forming the storage-ring lattice deflect particles depending
on their energy spread — an effect called dispersion. The
quantum nature of photon emission introduces a stochastic
spread of individual electron energies, which is then trans-
lated into a spatial spread in the orbital plane through dis-
persion.

On the other hand, continuous energy loss to radiation in
combination with acceleration of the electrons in the radio
frequency cavities of the storage ring provides damping
of the energy fluctuations [8]. Finally, the emittance of the
electron beam is given by the competing effects of radiation
damping and quantum excitation, forming an equilibrium,
which is dictated by the structure of the magnet lattice.

Obviously, in order to adjust the equilibrium beam emittance
to low values requires that the dispersion remains small in-
side the bending magnets. This means one should rather
use many small bending magnets instead of a few big ones,
in order to prevent the dispersion growing to large values
inside the magnet.

Thus, the defining feature of fourth-generation synchrotron
facilities is the employment of so-called multibend achro-
mats (MBASs) in the arc sectors of the storage ring. What is
meant by this term? Classically, the arc sectors of synchro-
trons, that is, the regions which are responsible for bend-
ing the electron beam into a closed path, are served by so-
called double-bend achromats 2.

A double-bend achromat (DBA), as depicted in Figure 2,
uses two bending-magnet dipoles separated by focusing
quadrupole magnets. This has in the past been the stand-
ard system to suppress dispersion in the straight sections
at third-generation synchrotrons. A multibend achromat is
similar, but uses several small DBAs in a row, typically be-
tween 5 and 9, to execute a given arc angle. An MBA with M
dipoles contains (M — 1) DBA cells (Figure 2 bottom).
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Figure 2. Schematics of a double bend achromat (DBA) and multi-
bend achromat (MBA). The red line indicates the dispersion, which
is refocused by magnetic lenses (quadrupoles) in order to mini-
mize it inside the dipoles and to suppress it in the straight sections,

where the undulators are located. From [9], with permission from the Swiss Society
for Photon Science.

Limiting the dispersion growth inside the bending magnets
enables a dramatic reduction in emittance: the minimum
horizontal electron emittance theoretically attainable by an
MBA structure is found to be proportional to the third power
of the bending angle 6 of the dipoles used in the MBA [8].
Precisely,

Ee: qu}/2
*12/154,

where ¥y =&/ m.c? is the ratio of the storage ring energy
to the electron rest-mass energy, and C, = 3.832 x 10 m.
The parameter J in the denominator depends on the distri-
bution of radiation damping to transverse and longitudinal
dimensions and typically has values between 1 and 2.

6° (%),

Note that €5 depends on the square of the storage-ring en-
ergy. Despite this, the upgrade of the SLS includes an in-
crease in this parameter from £ =2.4 t0 2.7 GeV [10, 11], as
this will facilitate access to photon energies well in excess of
40 keV, which is especially interesting for both imaging and
chemical spectroscopies, two areas of research in which the
SLS has historically been a leading player.

2 Some third-generation facilities, notably the SLS until its upgrade, use
a triple bend achromat, but this is a detail that need not concern us here.
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Figure 3. Plot of horizontal electron emittances weighted by the
square of the storage-ring energy as a function of ring circum-
ference (see Equation 5), for both a selection of third- (orange
data points) and fourth-generation (blue) synchrotrons. Note the
approximately fortyfold improvement in the weighted emittance
for the SLS 2.0 upgrade, highlighted in red. The inset shows the
cross-sections of the electron beams at SLS and SLS 2.0 com-

par edto a typical human hair. From [9], with permission from the Swiss Society for
Photon Science.

The path to low emittance by building a lattice from many
small magnets became viable once miniaturization of ac-
celerator components became feasible, in particular with
regards to the precision of magnet construction and distrib-
uted pumping via so-called 'nonevaporable getter’ (NEG)
coatings on the inner surfaces of the narrow-cross-section
vacuum vessels containing the circulating electrons.

For a storage ring containing N arcs of M dipoles each, the
bending angle per dipole is simply 6 =2n/N(M—1), and
Equation 5 becomes

. 2Cyyim® 1
“= 35, -1 ©
(E[GeV]) 1

g Nwm—-1yp 7

Therefore, SLS 2.0, for which N=12 and M =7, has a the-
oretical ultimate horizontal electron emittance of 153 pm rad
(for J = 1). The actual goal is € = 157 pm rad (Figure 3)
[11].

= g7[nmrad] = 7834

From our expression given in Equation 4, we can calculate
that radiation with the same emittance €° as &5 will, for SLS
2.0, have a wavelength of 19.73 A, equating to a photon
energy of approximately 630 eV; these are referred to as the
‘diffraction-limited wavelength’ A, and ‘diffraction-limited
energy’ hv, , respectively. For photon energies much low-
er than this, the photon contribution to the total emittance
dominates, and no substantial gain is made by attempts to
improve the electron emittance further ®. This is the mean-
ing of diffraction-limited storage rings — their performance is
limited, at least for photon energies below that for which - =
£x, by fundamental diffraction phenomena associated with
the x-ray sources. We summarize this in Figure 4.

3 Note that, for third-generation facilities, the ‘diffraction-limited photon
energy’ is of the order of 20 eV.
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Figure 4. Plot of the theoretically optimal horizontal electron emit-
tance €5 as a function of the number of straights N in a 2.7-GeV
synchrotron ring and number of dipoles M within a single arc sec-
tor, according to Equation 6. Values for N = 12, 20, and 32 were se-
lected, as these correspond to SLS 2.0, MAX-1V, and ESRF-EBS,
respectively. Also included as dot-dash lines are the fundamental
photon emittances for 1 and 10-keV photons, given by Equation
4, and the position of SLS 2.0, labelled as the black X. From [9], with

permission from the Swiss Society for Photon Science.

The electron emittance is a constant around the storage ring
for a given magnet lattice. In the above, however, we have
not considered how this is distributed between divergence
and electron-beam size — do we want the electron beam
to be very small but highly divergent (low 3¢), or larger and
more parallel (high £°)? Importantly, although the electron
emittance remains constant for a given ring, one can ma-
nipulate 3¢ using the electron optics such as the quadrupole
magnets and the combined function magnets, which are
magnets providing focusing and bending simultaneously.
Now, because the total emittance is the convolution of the
electron- and photon contributions, it is easy to demonstrate
that the beta function of the electron emittance is optimized,
and thereby the total emittance is minimized, when it equals
that of the photon emittance, i.e., L/4T, that is, of the order
of a few tens of cm, depending on the undulator length.
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Figure 5. Coherent radiation can be extracted from a broadband,
spatially extended source by the use of a pinhole and a dispersive

element that selects a narrow band of wavelengths. Adapted from [8], with
permission of John Wiley & Sons.
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C. Coherence

To conclude this whistle-stop précis of the most important
aspects of storage-ring and radiation parameters, we briefly
discuss coherence. Within the figure of merit of brightness
are the parameters that quantitatively define coherence —
the emittance and the relative spectral bandwidth. Consider
a broadband and spatially distributed source such as an in-
candescent light bulb (Figure 5). The source emittance can
be reduced by placing a slit or pinhole in front of the source.
This determines the ‘spatial’, or ‘transverse’ coherence. In
the case of synchrotrons, the slit (or source) size is given by
the transverse spatial extent of the beam. Even for soft x-ray
sources below a few keV, this is dominated by the size of
the electron beam, as this will be of the order of tens of mi-
crons or more, much larger than the radiation’s wavelength,
measured in nanometers or angstroms. The divergence is
given by the Fourier transform of the source profile; accord-
ingly, the full-width half-maximum (FWHM) subtended angle
is approximately equal to the ratio of the wavelength to the
beam FWHM, of the order of 10 rad for soft x-radiation.
Secondly, a dispersive element such as a monochromator
suppresses all radiation apart from a narrow bandwidth.
Now, the radiation is both spatially and longitudinally (or
temporally) coherent. Both the emittance and relative spec-
tral bandwidth are included in the definition of brilliance.

The transverse coherence length at a distance R from a
source of width D is given by

AR AR
P=5or="r7r— :

Hence, in the orbital plane of the synchrotron, DLSRs have
transverse coherence lengths of several hundred microns,
up to two orders of magnitude larger than those typically
found at third-generation facilities. This has a huge benefit
both for lensless-imaging techniques such as ptychography
[12, 13] that exploit the coherent part of the beam, and also
those techniques that require both small divergence and a
tight focus, such as in serial crystallography [14].

The ‘temporal’, or ‘longitudinal’ coherence length, deter-
mined by the degree of monochromacity, is given by

/’1’2
h —
[0 = A1 O
The temporal coherence length thus depends on any dis-
persive element in the beamline, particularly monochroma-
tors. A Si(111) double-crystal monochromator has an intrin-
sic relative bandwidth of approximately 1.4 x 104, which, for
1-A-radiation leads to /! ~1 ym. Note that DLSR technolo-
gies do not in themselves provide advantages in longitudi-
nal coherence compared to third-generation facilities.

lll. Sources at the SLS 2.0 Upgrade

A graphical summary of the expected brilliances of the x-ray
sources at SLS 2.0 is provided in Figure 6, while further de-
tails of their parameters are listed in Table 1.

The six hard x-ray undulator beamlines are served by four
U17s, one cryogenically-cooled U14 (also operational at the
original SLS), and one high-temperature superconducting
U10, while four hard x-ray bending-magnet beamlines have
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Figure 6. Brilliance curves of the SLS 2.0 sources for (a) bend-
ing magnets and superbends, (b) soft x-ray undulators, and (c)
hard x-ray undulators. -kn suffix = knot magnet design; HTSU =
high-temperature superconducting undulator; UE = elliptical undu-
lator; two-digit suffices = undulator periodicity in mm. The perfor-
mance of the previous sources installed in the 2.4-GeV storage
ring are also shown in grey.

two warm superbends (2.1 T) and two superconducting su-
perbends (5 T). The five remaining straights produce soft
and tender x-rays, and are served by combinations of the
elliptical undulators (UEXX).

An exciting aspect of the upgrade is that improvements in
the brilliance also enable other innovations further down the
technological chain, notably in the field of undulator devel-
opment.

A. Hard x-ray undulators

The description of the interference phenomena that lead to
the spectral output from undulators is given by

2/1};2(1 +Kiyer) (10),

whereby A is the wavelength of the m™ harmonic, 1, is the

MAn(6) =
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ID name hv-range [eV] Length [m] | Polarization modes | ID beamlines

UE90kn 90 30 — 600 4.0 LH, LV, CL, CR QUEST, XIL

uU70 70 70 — 660 1.54 LH XIL

UES8 38 250 — 8000 2.0 LH, LV, CL, CR PHOENIX/X-Treme

UE36kn 36 270- 1900 4.0 LH, LV, CL, CR SIM, ADRESS, QUEST

Uiz 16.8 4900 — 34000 3.0 LH cSAXS, PXI, PXII, microXAS
CPMU14 14 7000 — 40000 1.68 LH MS (ADDAMS)

HTSU10 10.5 7000 — 62000 1.0 LH I-TOMCAT

Table 1. List of insertion devices, their relevant parameters, and the beamlines they serve. Insertion device names ending in ‘kn’ indicate
knot-magnet configurations. LH = linear horizontal, LV = linear vertical, CL = left-circularly, CR = right-circularly.

periodicity of the undulator magnet array (typically meas-
ured in cm), and
K=0.934 A, [cm]B,[T] ~1 (11)

is the magnetic deflection parameter describing the ratio of
the maximum angular excursion of the electron beam as it
passes through the undulator’s magnet array to the natural
opening angle of the synchrotron radiation, which is itself
equal to 1/y. The second term in the brackets, y%6° de-
scribes the contribution from off-axis radiation. This results
in broad lobes on the low-energy flanks of the main undu-

lator maxima (see the curve for the undulator spectrum for
third-generation facilities in Figure 7).
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Figure 7. Comparison of the brilliance of hard x-ray undulator
spectra at third- and fourth-generation facilities. Top: the width
of the electron beam passing through an undulator at third-gen-
eration facilities is approximately two orders of magnitude larger
than the oscillation amplitude, while at DLSRs, it might only be
approximately ten times, or even less. Bottom: consequently, less
off-axis radiation (given by Equation 10) is produced by undulators
at DLSRs. Note also the enhanced brilliance at the spectral peaks
for the DLSR. Both simulated spectra were generated for a U12
undulator (that is, )Lu = 12 mm) containing 120 magnet periods, for
K = 1.6, 400 mA, and a storage-ring energy of 2.4 GeV. Adapted from

[8] with permission from John Wiley & Sons.
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Importantly, the ratio of the horizontal width of the electron
beam to the amplitude of its oscillations induced by the un-
dulator is, for third-generation facilities approximately 100.
The reduced horizontal emittance and quasi-on-axis injec-
tion of SLS 2.0 produce an electron beam which is signifi-
cantly narrower, especially in the small-beta short straights
occupied by the hard x-ray ID beamlines. Consequently, the

ID magnets and poles need only have a width of 15 mm (in
contrast to the previous value of 40 mm) to ensure a suffi-
ciently homogeneous magnetic field.

This reduced lateral extent and increased ‘elbow room’
permits two developments. Firstly, the reduced off-axis ex-
cursions of the narrower beam reduces off-axis harmonics
and hence these contributions are largely suppressed, as
summarised in Figure 7. This narrower electron beam pre-
sents several technological opportunities. Firstly, entire un-
dulator maxima can be used for those experiments that do
not require a very small relative bandwidth but do require as
many photons per unit time on the sample as is possible.
At SLS 2.0, these might include certain types of diffraction
techniques such as serial crystallography [14—18], lensless
imaging that relies primarily on the transverse coherence
[12], and imaging techniques such as phase-contrast to-
mography [19, 20].

Secondly, the reduced oscillations of the electron beam due
to the improved injection scheme from the booster means
that as it passes along the undulator, the width of the mag-
nets needed to produce a homogeneous field across the
central axis can be reduced. The forces acting on the un-
dulator support structure become concomitantly smaller.
Moreover, the additional space won by making the magnets
narrower also allows the incorporation of two additional sets

cold soldering

(@)

magnets

) Force Top - Bottom

without force compensation
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Figure 8. Novel developments in hard x-ray insertion devices. (a)
The central Halbach array of poles and magnets can be made to
be significantly narrower, thanks to the reduced lateral extent of
the electron beam in the orbital plane as it passes through the
ID in DLSRs compared to third-generation facilities. Consequently,
the forces for a given central magnetic-field strength will be lower.
Moreover, the central magnet array can be flanked by arrays in
which the poles are opposed (N-N or S-S), thus reducing the total
forces even more. The configuration is shown in (b). The reduction
in force is typically a factor of eight or more (c), allowing for far

more compact and inexpensive mechanical designs. From [9], with per-
mission from the Swiss Society for Photon Science.
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of magnets, one on each side of the central array, which,
in contrast to the central array, are poled so that they re-
pel (Figure 8). This reduces the net forces on the undula-
tor frame by well over an order of magnitude compared to
standard devices used today, and makes them cheaper and
much more compact and reliable.

(a)

Figure 9. The new HTSU10 superconducting undulator at SLS 2.0.
(a) the magnetic elements are half-moons of bulk rare-earth-cu-
prate superconductors. (b) They are configured in a staggered
array to produce the core magnet field. (c) the expunged Meitner
field is activated using a 12 T superconducting solenoid in which
the HTSC core array is placed.

Another R&D project being pursued concerns a novel in-
sertion device exploiting high-temperature superconducting
bulk material (Figure 9). The goal is to generate undulators
with ultra-short-period (10.5 mm) and high-strength magnet-
ic fields. Because of the moderate storage-ring energy of
SLS 2.0 of 2.7 GeV, high K-values are required in order to
enhance the intensities of higher-harmonic radiation, which
in turn means that magnetic-field strengths are required that
can only be generated using superconducting materials
(Equation 11) [21]. For medium-energy synchrotron storage
rings such as SLS 2.0, this is a promising route to signifi-
cantly extend the photon flux to energies beyond 50 keV
[Figure 6(c)]. The so-called ‘HTSU10’, with a 1-m magnetic
length, will be installed at the new I-TOMCAT beamline in
the second planned shutdown [22].

B. Soft x-ray undulators

The brilliance curves for the soft x-ray insertion devices are
shown in Figure 6(b).
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The APPLE X undulator design was adopted and developed
for the SwissFEL Athos beamline. These insertion devices
provide an identical photon-energy range in all major polari-
zation modes (linear horizontal, linear vertical, and circular),
with full symmetry over the entire range. This is achieved
by using independently controllable radial and 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, importantly, also to
DLSRs such as SLS 2.0. By exploiting the latest grade of
permanent-magnet material, the magnetic period length can
be significantly reduced, which means that the desired soft
x-ray photon-energy range can be covered by the funda-
mental harmonic alone. Undulators with many periods and
high magnetic fields are, however, problematic because of
the associated high and variable heat load on x-ray opti-
cal components. High heat loads require aggressive active
cooling solutions that can induce unwanted vibrations that
are deleterious to ultimate spectral resolutions and, in the
case of micro- and nanofocussing and scanning techniques,
also spatial resolution.

The so-called ‘APPLE knot’ design [23, 24] will be used at
ADRESS (UE36kn), QUEST/XIL (UE36kn and UE90kn),
and SIM (2 x UE36kn). This ‘knot’ concept features an ad-
ditional subharmonic field component (with a period three
times longer than that of the main undulator period, see Fig-
ure 10). With this magnetic configuration, only the funda-
mental has its maximum intensity on axis, while the higher
harmonics have a cone-like form and are shifted outwards to
larger angles. They therefore have a ring-like power-density
cross-section. As the fundamental covers the desired ener-
gy range for these beamlines, these higher harmonics can
then be blocked in the front end using a water-cooled aper-
ture. The load on the optics (mirrors and monochromators)
in terms of power density is therefore reduced by a factor
of approximately 4, depending on the photon-energy range,
allowing more modest cooling and significantly reduced as-
sociated vibrations of critical x-ray optical components.

IV. SLS 2.0 Beamline Portfolio and Science Program

The future scientific mission of photon science at SLS will
be founded firmly on already established fields of excel-
lence at the Paul Scherrer Institute (PSI). Among others, the
SLS to date has produced world-leading research in activi-
ties as varied as scanning lensless imaging (ptychographic
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Figure 10. Knot-undulators. (a) Magnet-configuration concept. (b) A single superperiod installed in a
jaw of an APPLE-X knot device. (c) Power distribution of the UE90kn in periodic (leff) and knot (right)
mode 13 m away from the middle of the undulator. The higher harmonics are emitted off-axis, allowing
an effective reduction of the heat load inside the bounds of the front-end aperture, marked with the



tomography), diffraction of macromolecular molecules, full-
field tomography, soft x-ray angular-resolved photoelectron
spectroscopy (ARPES), and resonant inelastic x-ray scat-
tering (RIXS). All of these techniques will profit considerably
from the upgrade, which we summarise in this section.

An overview of the beamlines planned for SLS 2.0 is shown
in Figure 11.

The main upgrade phase, or ‘dark time’, to dismantle the ex-
isting storage ring and to install the new ring began on 30"
September 2023 and will continue until December 2024.
For resource reasons, the beamline upgrades have been
divided into two phases; first pilot users after the first phase
are expected in the Summer of 2025, followed by a further
shutdown at the beginning of 2026 and pilot users in Sum-
mer 2026.

All already existing beamlines are undergoing upgrades, es-
pecially regarding their optics. Moreover, some beamlines
have moved, and there are two entirely new beamlines.
Changes beyond optics and endstation upgrades include:

* Debye: a new chemistry-focused, hard x-ray spectrosco-
py/scattering beamline, a sister to the SuperXAS beam-
line, has already been built.

+I-TOMCAT: a new tomography undulator beamline uti-
lizing the novel HTSU10 is being constructed in Straight
2S, and is complementary to the upgraded TOMCAT
beamline, now called S-TOMCAT because of the up-
grade of its superbend source from2.9Tto 5 T.

+The PEARL beamline will amalgamate with the SIS
beamline at Straight 9L to create the new QUEST beam-
line.

* PXIIl has been completely rebuilt with new optics and
experimental hutches.

* microXAS moves from Straight 5L (which has, in SLS
2.0, an electron beam cross-section incompatible with
hard x-ray undulators) to Straight 8S.

Most of the beamlines will benefit from a significant optics
upgrade program. The hard x-ray monochromators and mir-
rors will be redesigned with the reduced horizontal breadth
of the photon beam at SLS 2.0 in mind. New crystal and
multilayer monochromators will scatter and disperse the
incident radiation in the horizontal plane; the minor loss in
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intensity due to polarization factors will be more than offset
by the benefit of horizontal rotational movements, allowing
more compact and stable designs. Horizontally deflecting
and focusing mirrors will also be able to be made significant-
ly shorter and thereby gain in stability.

V. Concluding Remarks

Electron-accelerator photon sources have a remarkable
track record in science, technology and biomedicine. The
SLS has been a leading player in this field since the turn of
the century. The underlying physics as well as a demand
for seeing matter at the atomic and nanoscale ensure that
synchrotrons will continue to be essential for scientific and
technical progress in the future. Therefore, most third-gen-
eration electron storage rings are either considering or ac-
tively undergoing an upgrade to a DLSR. At the Paul Scher-
rer Institute, the plans for the upgraded SLS 2.0 extend
beyond simple improvements of the emittance (and thereby
also the brilliance), including novel magnet-lattice elements
and x-ray sources pioneered at the PSI, plus an aggressive
x-ray optics and endstation upgrade program [25]. This will
maintain the pre-eminence of PSI, the ETH Domain, and
Switzerland in photon science, which has been established
by the current SLS and SwissFEL for the foreseeable future.

The machine upgrade [11] in conjunction with novel source
technologies will increase the most relevant experimental
parameters at the endstations by well over two orders of
magnitude in the hard x-ray regime (Figure 12), which will
have very substantial benefits to many methods [25], includ-
ing ptychography [13], full-field tomography [19, 20], macro-
molecular crystallography [14, 15], soft x-ray ARPES [26],
and resonant inelastic x-ray scattering [27].

Indeed, even greater improvements by up to another factor
of 100 are anticipated through adaptations in x-ray optics,
most notably in the use of multilayer monochromators in
stead of crystal monochromators at hard x-ray beamlines,
and the substitution of hitherto more conventional but lossy
refractive and diffractive focussing elements such as com-
pound refractive lenses and Fresnel zone plates with re-
flecting elements such as Kirkpatrick-Baez mirrors, which
can be made to be more compact than previously possible,
thanks to the reduced source sizes.

The design, construction and ex-
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Figure 11. Overview of beamlines in user operation after the upgrade. The source type, the
beamline name, areas of major applications, and energy range are shown.

photon science in Switzerland. The
people and expertise which enabled
the recent completion of SwissFEL
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Figure 12. Improvement factors in brilliance, flux, coherent fraction,
and coherent flux for the SLS 2.0 upgrade compared to the present
SLS, 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 corre-
sponding undulators in SLS 2.0 are UE90 (4.4 m), UE36 (4.4 m),
and CPMU15 (3 m).

1000
Photon energy [eV]

10000

are now deployed for SLS 2.0. Many of the technologies de-
veloped for the SwissFEL project, ranging from serial crys-
tallography to APPLE-X undulators, are now being exported
to SLS 2.0; we expect similar fertilization of the Porthos up-
grade of SwissFEL which will follow SLS 2.0.
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