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BRILLIANCE OF X-RAY SOURCES

▸ Key figure of merit 
comparing different 
photon sources


▸ Independent of the 
distance to the source
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Fig. 1. Peak brilliance of laboratory X-ray sources, 1st (SSRL), 2nd (NSLS, BESSY), and
3rd generation (ALS, BESSY II, APS, ESRF) synchrotron radiation sources, diffraction
limited storage rings (ESRF-II, MAX-IV, SIRIUS) and Free Electron Lasers (FLASH,
SACLA, LCLS, X-FEL).

kind of improvements are not a simple evolution, but they lead to
revolutionary new science and as far as synchrotron radiation sci-
ence is concerned, this (r)evolution has been continuously going on
over 60 years.

This origin of this dramatic improvement in brilliance is founded
upon a very solid technological base either in accelerator technol-
ogy or in the technology to produce light from the electron (or
positron) beam. Initially, researchers were allowed to use the by
product of synchrotron radiation produced at high energy electron
ring accelerators. The accelerator technology at these machines was
mainly focused on delivering the best possible beam to certain tar-
get stations and/or in a few interaction regions for colliding beam
applications. The other sections around the (circular) accelerator
were optimized for beam transport, but not for synchrotron radia-
tion extraction. Accordingly neither the source size nor the angular
spread were optimized as far as the radiation is concerned.

Very soon dedicated facilities, where the unique purpose of
the electron accelerator was to serve as a light source came to
existence. These so called second generation light sources were
electron storage rings, where the electrons circulate at a constant
energy and the radiation loss is replenished by RF power. BESSY I in
Berlin, Germany and the National Synchrotron Light Source (NSLS)
in Brookhaven, USA are given as examples for these types of light
sources in Fig. 1. The very first dedicated light source user facility
however was the Tantalus storage ring at UW Madison. Prior to that
other storage rings existed, for example at NIST, but these were not
operated as a user facility for an external user community.

One of the most widely appreciated features of synchrotron
radiation is the continuous spectrum from the THz and IR region
up to hard X-rays. The spectral distribution of synchrotron radi-
ation is shown in Fig. 2. This function is universal to all sources
and depends only on a few specific source parameters such as the
electron beam energy and the magnetic field, which is sometimes
also expressed by the bending radius of the deflecting magnet. The
spectral distribution is characterized by a single parameter, the so
called critical energy (εc). The critical energy is defined as the energy,
where exactly half of the power is radiated at frequencies below this
energy and half at higher frequencies.

The critical energy εc of a synchrotron source is given by

εc (keV) = 0.665E2
e (GeV)B (T)

Thus the characteristic energy can be related to readily available
parameters. Typically bending magnet fields are in the order of 1 T.
Accordingly for a ring of 3 GeV electron energy, which is a standard

parameter for modern medium energy storage ring sources, the
critical photon energy is about 6 keV. The useful photon energy
range extends up to about 5Ec, thus such a source will be available
for experiments requiring photon energies up to 30 keV. Below the
critical energy the available photon flux at a given bending magnet
radius (magnetic field) does not vary with the electron energy in
the ring, whereas the high energy cutoff for experiments depends
critically on it. In general, at any given photon energy, the number
of photons emitted by the source is linearly proportional to the
beam current I circulating in the ring.

Compared to many other sources the synchrotron radiation is
extremely collimated in the plane of the accelerator. This strong col-
limation immediately relates to the brilliance of this light source.
The collimation is a relativistic effect and illustrated in Fig. 3. In the
rest frame of the electron the radiation is emitted in the character-
istic (donut shaped) dipole emission pattern. Since the electron is
moving close to the speed of light however this emission pattern
looks totally different in the laboratory frame where the radiation is
observed. The coordinate in the direction of motion of the electron
is transformed via a Lorentz transformation, while the other two
coordinates are not affected. Accordingly the emission is peaked
very strongly in a narrow forward cone as indicated on the right
hand side of Fig. 3.

From any point along the trajectory, the light is collimated as
shown in Fig. 3 and since the electron moves along a circular arc,
the radiation is observable in tangential direction around the ring
from all points of the electron trajectory, where the electrons are
accelerated. If a single electron moves around a circular storage
ring the light will be emitted in short flashes similar to the pulsed
characteristics of a beacon or a light tower. In an RF accelerator
electrons can only be accelerated around a certain phase point of
the RF field. Accordingly the electrons are bunched in packets of a
certain length, depending on the phase space available for stable
acceleration conditions. Typically such an electron bunch is about
50 ps long (1.5 cm)  and the bunches are 2 ns apart (60 cm).

Synchrotron radiation is polarized. The polarization is linear in
the plane of the accelerator and elliptical with different helicity,
when viewed from above or below the plane. Viewed from the side
in the direction of the peak of the emission cone, the charge is accel-
erated back and forth in the plane and this causes the electrical
field amplitude to oscillate horizontally, parallel to the accelera-
tion. Similarly, the elliptical polarization can be plausibly derived
from momentum conservation. In the emission process the elec-
tron looses a small amount of energy, and thus also momentum
and specifically angular momentum, since it is orbiting on a circular
path. For the combined system – electron and photon – energy and
momentum together have to be conserved. Accordingly the pho-
ton carries an angular momentum corresponding to the angular
momentum loss of the electron.

Incidentally, the polarization of the X-rays in interstellar space
is taken as strong evidence that these X-rays are indeed due to
synchrotron radiation, produced when relativistic electrons are
accelerated by the strong magnetic fields of stars.

Following the construction of dedicated synchrotron radiation
facilities, ideas were generated how to improve the characteris-
tics of a given facility. This is how wigglers and undulators came
into play. Wigglers and undulators are periodic magnet structures
constructed to compensate the overall deflection of the electron
beam by alternating the direction of the magnetic field. These peri-
odic magnet structures can be placed into a straight section of the
accelerator or storage ring, as such they a referred to by the gen-
eral term of insertion devices. Such an arrangement of magnets
is shown schematically and in the real world implementation in
Fig. 4. The difference between these two devices is only of a quan-
titative nature. In a wiggler the magnetic field strength is such that
the electron deflection angle in each pole is larger than the natural
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EMITTANCE

▸ Particles in the beam are described  
with the Hamiltonian formalism


▸ Phase space area in the transverse coordinates  
is called emittance

7Rasmus Ischebeck
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EMITTANCE IN A LINEAR ACCELERATOR

▸ Emittance decreases with acceleration


▸ Accelerating structures increase the  
longitudinal momentum, but leave the  
transverse momentum unchanged 


▸ In the absence of non-linear forces,  
the normalized emittance is constant
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EMITTANCE IN A STORAGE RING

▸ Emittance is damped by the emission of synchrotron radiation


▸ The equilibrium emittance is determined by quantum mechanics
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RADIATION DAMPING AND QUANTUM EXCITATION

▸ Horizontal equilibrium emittance in a storage ring
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where:  
h is Planck’s constant, 
me is the electron mass, 
c is the speed of light, 
γ is the Lorentz factor, 
the integrals are ring integrals around the storage ring, along the longitudinal coordinate s, 
αx, βx and γx are the Twiss parameters, which characterize the beam optics,  
ηx and ηpx are the dispersion, i.e. the dependence of position and angle on beam energy,  
ρ is the (local) radius of curvature, 
–e is the charge of the electron, 
P0 is the nominal momentum of the particles, and 
By is the vertical component of the magnetic field



RADIATION DAMPING AND QUANTUM EXCITATION

▸ Horizontal equilibrium emittance in a storage ring
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Magnet lattice

≣ a detailed description of the magnets around the ring

Special relativity

Quantum mechanics
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EINSTEIN AND PLANCK IN ONE EQUATION



EMITTANCE OF X-RAY SOURCES

▸ Synchrotrons


▸ emittance determined by radiation damping


▸ Free electron lasers


▸ (normalized) emittance determined by source
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SLS DISMANTLING
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SLS 2.0 CONSTRUCTION
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INSTALLATION PROGRESS
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TARGET BEAM PARAMETERS
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Table 1 Comparison of the most important parameters of the existing lattice (including FEMTO insertion), of 
the lattice presented in the Conceptual Design Report (both including three superbends) and the final lattice 
including the “Phase 2” set of four superbends. 

 SLS today SLS 2.0 CDR SLS 2.0 TDR 
Lattice type TBA 7-BA 7-BA 
Circumference [m] 288 290.4 288 
Periodicity (arc geometry) 3 12 3 
Energy [GeV] 2.411 2.400 2.700 
Beam current [mA]  400 400 400 
Natural emittance [pm.rad] 5630 102 158 
Energy spread [10-3] 0.88 1.03 1.16 
Radiation loss per turn [keV] 549 554 688 
Momentum compaction factor [10-4] 6.04 ������ 1.05 
Working point Qx , Qy 20.43, 8.74 ������������� 39.37, 15.22 
Chromaticity [x ,[y �67.3���21.0� �95.0���35.2� �99.0���33.4�
Total gross straight length [m] 79.9 66.3 83.6  
Vertical emittance in operation [pm.rad] a5 10 10 
Beam lifetime in operation [h]  a9   9.5 

 

2.1.2 The 7-Bend achromatic arc 

 

 
Figure 2: Schematic layout of an arc containing a central superbend, and a magnified view of the 
downstream end. Absorbers are not shown. 

 

An arc as shown in Figure 2 contains seven main bending magnets. The center bend is placed on a plinth such 
that it can be replaced by a superbend while all other elements are on four girders. The arc is composed from 
five unit cells, two dispersion suppressor cells and two matching cells. 



FEL UPGRADE
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SwissFEL
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SwissFEL: 

The Big Picture



REQUIREMENTS ON THE ELECTRON BEAM

▸ Transverse normalized slice emittance:


▸ predicted:


▸ @ 10 pC: 180 nm


▸ @ 200 pC: 430 nm 


▸ measured:


▸ @ 10 pC: 100 nm


▸ @ 200 pC: 220 nm

21Prat et al., PRL 123, 234801 (2019)Rasmus Ischebeck

According to Eq. (1), there are two other ways to
improve the emittance resolution. First, the measurement
optics should be optimized to have a large β function at the
profile monitor. In our case, for example, the β function for
the slice emittance measurement at the linac end is between
60 and 80 m. This approach is limited by lattice constraints
and by the requirement to scan the phase advance during
the emittance measurement, which can be challenging for
larger β functions. Another possibility to improve the
emittance resolution is to reduce the beam energy at the
location where the measurement takes place. This approach
also has its limitations: the measurement cannot be done
at arbitrarily low energies, since below a certain critical
energy space-charge effects would deteriorate the beam
quality [29].
Equation (1) further suggests the possibility to extract the

real emittance εn and the profile resolution from the linear
dependence of the measured emittance on the electron
beam energy (in a similar vein the dependence on the β
function could be exploited). This novel and simple method
works if the β function is constant during the emittance
scan and if space-charge forces or other collective effects
do not affect the normalized emittance over the energy
range in which the emittance measurements are done.
Figure 5 shows slice emittance values measured at the
linac end as a function of the beam energy with corre-
sponding linear fits for beam charges of 200 and 10 pC. The
measurements were done after beam optimization and for
energies down to around 2 GeV, where space-charge effects
are negligible at our peak currents. The β function is rather
constant with an average value of 70 m. The data shown
in Fig. 5 clearly exhibit the expected linear behavior.
For 200 pC, the fit yields a normalized emittance of
186! 3 nm and a profile resolution of 27! 7 μm. For
the 10 pC case, we find a normalized emittance of
94! 5 nm and a profile resolution of 29! 8 μm. The
resolution of the profile monitor matches the previously
found value of 23! 4 μm. Figure 6 shows an example slice
emittance measurement for the case of 200 pC charge and
2 GeV beam energy.

Table I presents the slice and projected emittance values
obtained after optimization at the different measurement
locations for beam charges of 200 and 10 pC. The short-term
stability of our emittance values is excellent, with reproduc-
ibility within a few percent over five consecutive measure-
ments. After each machine setup and reoptimization, the
obtained emittance values are mostly reproducible, but may
vary up to 10–20% for the measurements after compression.
For 200 pC and after nominal compression, the slice
emittance is around 200 nm and the projected emittances
are around 400 and 300 nm in the horizontal and vertical
planes, respectively. For 10 pC, the reconstructed final slice
emittance is around 100 nm, the projected horizontal
emittance is below 200 nm, and the projected vertical
emittance is less than 100 nm. The measured emittances
for uncompressed bunches are similar to the ones obtained in
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FIG. 5. Measured normalized slice emittance as a function of
beam energy for beam charges of 200 and 10 pC.
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FIG. 6. Slice emittance measurement after nominal compres-
sion for a beam charge of 200 pC.

TABLE I. Measured emittances for 200 and 10 pC at different
locations along the linac. The rms pulse duration (σt) and core
peak current (I) for each case are indicated. Numbers in brackets
indicate optimized simulation values [21] (these values corre-
spond to a flat-top longitudinal gun laser profile and refer to the
rms emittances).

200 pC UncompressedAfter BC1 Linac end

σt (ps) ≈3 ≈0.4–0.5 ≈0.03–0.04
I (A) ≈20 ≈120–150≈1500–2000
Slice (nm) ≈150 (140) ≈200 ≈200
projected horizontal (nm) ≈200 (210) ≈250 ≈400
projected vertical (nm) ≈200 (210) ≈250 ≈300
10 pC UncompressedAfter BC1 Linac end
σt (ps) ≈1.4 ≈0.2 ≈0.003
I (A) ≈2.5 ≈18 ≈1200
Slice ≈60 (40) ≈80 ≈100
projected horizontal (nm) ≈90 ≈90 ≈180
projected vertical (nm) ≈90 ≈90 ≈90

PHYSICAL REVIEW LETTERS 123, 234801 (2019)

234801-4



REQUIREMENTS ON THE ELECTRON BEAM

▸ Slice energy spread of the SwissFEL electron source
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SLICE ENERGY SPREAD OF SWISSFEL

▸ From ASTRA simulations: < 1 keV


▸ Measured: 


▸ @ 10 pC: 6.5 ± 0.5 keV


▸ @ 200 pC: 15.0 ± 0.3 keV

23Eduard Prat et al, PRAB 23, 090701 (2020)Rasmus Ischebeck



EFFECTS INCREASING THE ENERGY SPREAD

▸ Intra-beam scattering (IBS)


▸ Microbunching instability (MBI)

24Eduard Prat; Di Mitri et al, New J. Phys. 22, 083053 (2020)  and references herein; Rasmus ⊕ MidjourneyRasmus Ischebeck
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MEASUREMENTS OF ENERGY SPREAD

▸ Overall a good agreement! 


▸ … but we require to increase IBS strength by a 
factor of ~2.4


▸ still, underestimation of energy spread for low 
peak currents and some R56 settings
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ELECTRON SOURCE TEST STAND
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TRAVELING WAVE C-BAND GUN
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