
Wir schaffen Wissen – heute für morgen Wir schaffen Wissen – heute für morgen 

FEL Beamline Design and Experimental Methods 

 or How to Get All Those Lovely Photons Onto My Sample and Measure 

Something Cool 

 

Chris Milne 

 

SwissFEL, Paul Scherrer Institute, 5232 Villigen-PSI, Switzerland 



August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch 

In The Beginning There Was an Awesome 

Pulsed Source of Femtosecond X-rays 

Let’s pretend we’re starting from the experiment 
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Guaranteed: Ultrafast photochemistry and photobiology 

Electronic relaxation in nanoparticles 

Bond breaking and bond making 

hν 

355 nm 

[Fe(CN)6]4- 

Protein structure and function 

Intermediate states of homodimeric hemoglobin (HbI) ligated with CO 

Photochemistry 

Nobel Prize for Chemistry 1999: Femtochemistry 
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Guaranteed: Strongly correlated electron systems 

Electric field controls magnetic order 

Vibrationally induced phase transitions 

Structural and charge order dynamics 
Courtesy of Paul Beaud and Gerhard Ingold 



August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch 

Shorter X-ray pulses should at least 

avoid measuring the structural damage 
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Speculative: more accurate protein structures ? 

Cytochrome c oxidase 

is very sensitive to 

radiation damage 

 

Long X-ray exposure 

leads to errors in the 

active part of the 

protein 

before X-rays 

after X-rays 

604-630 nm 

582-630 nm 
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Speculative: nonlinear X-ray spectroscopy ? 

Hypersatellite lines 

Two-electron One photon 

Low-probability core-hole processes might become 

measurable with high peak powers 

There’s also significant ideas available from nonlinear 

optics and nonlinear spectroscopy in the optical regime 
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Is function structure or dynamics ? 

http://www.ks.uiuc.edu/Research/aquaporins/


August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch 

On what timescale do we want to measure structure ? 

Hb animation 

from Wikipedia 
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X-ray probe techniques for disordered systems 

X-ray absorption spectroscopy 

(Resonant) X-ray 

emission  

spectroscopy 

X-ray scattering 

X-ray 
๏ monochromatic (0.01% BW) and 

broadband (1-4%) 

๏ variable focus (1-100 μm) 

๏ tuneable energy (2-12.4 keV) 

๏ ultrashort pulse durations (<1 fs 

to 50 fs) 

Laser 
๏ high pulse energies (5-10 mJ) 

๏ short pulses (20-50 fs) 

๏ tuneable wavelengths including 

IR, visible, and UV 

๏ preparation for THz and <10 fs 
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X-ray probe techniques for ordered systems 

X-ray 
๏ monochromatic Si(111) and Si(311) 

and broadband (1-4%) 

๏ variable KB mirror focus 1-100 μm 

๏ tuneable energy (2)5-12.4 keV 

๏ ultrashort pulse durations (<1 fs to 50 

fs) 

Resonant X-ray Diffraction 

TDS from Si(100) measured at the SLS (courtesy J. Johnson) 

Elastic X-ray Diffuse Scattering 

+ 

X-ray Diffraction 

Laser 
๏ high pulse energies (5-10 mJ) 

๏ short pulses (10-20 fs) 

๏ flexible pump setup (polarization and 

wavelength UV to NIR) 

๏ THz excitation and <10 fs 
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Now we just need an XFEL… 

But these ones are all much too far away…. 

Germany 

Germany 

USA 

Italy 

Japan 

South Korea 
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Why don’t we build our own ? 

11/06/2013 

28/08/2014 



August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch 

SwissFEL 
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Aramis: 1-7 Å hard X-ray SASE FEL,  

In-vacuum , planar undulators with variable gap.  

User operation from mid 2017  

 

Athos : 

(2nd phase) 

7-70 Å soft X-ray FEL for  SASE & Seeded operation .  

APPLE II undulators with variable gap and full polarization 

control. 

To be implemented after 2017 

715 m 

Phase 2, 2017-19 
Phase 1, 2012-16 

1.77-12.4 keV 

SwissFEL parameters 

Wavelength from       1 Å - 70 Å 

Photon energy  0.2-12 keV 

Photon / pulse (1Å) 7.3 x 1010  

Pulse duration   1 fs - 20 fs 

Energy bandwidth 0.05-0.16% 

e-  Energy                      5.8 GeV 

e- Bunch charge           10-200 pC 

Repetition rate            100 Hz  
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Reflective X-ray Optics 

We need to steer the X-rays to the experiment 

At grazing angles below the critical 

angle we get total external reflection 

Courtesy of Rolf Follath 
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X-ray mirrors for XFELs 

We need to know: 

 Photon energy range 

 Beam size on the mirror 

 Pulse energy and average power 

We need to optimize: 

 No absorption edges 

 Maximum throughput 

 Reflected angle 
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X-ray mirrors for SwissFEL Aramis 

B4C Looks OK at low 

energies, but angle is low 

and high energy cut-off is 

too 

B4C/Mo looks better 

at higher energies 

and still good at 

lower energies 

What about a dual-layer coating ? 

Courtesy of Rolf Follath 

Small grazing incidence angle 

 + high reflectance 

 - long mirrors 

L5σ=800 mm at 64m  

Mirror should accept 5σ of beam 

(at least 4σ)   

L5σ=570 mm at 64m  



August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch 

X-ray monochromators 

Soft X-ray grating 

monochromators 

Hard X-ray crystal monochromators 

Courtesy of Rolf Follath 
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Switching from pink beam to monochromatic 

We want to be able to switch easily between the two modes 

BUT we don’t want to have to move everything when we switch 

Solution: Two vertical offset mirrors to correct for the monochromator* 

*Added bonus: harmonic rejection ! 

ES-A 

Offset mirrors 

Focusing mirrors 

Top view 
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M13 M16 M15 

6 
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High harmonic 

 rejection mirrors 

Side view 
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Harmonic rejection 

The harmonic contribution is about 1% for each 

subsequent harmonic 

So if we have 1012 photons per pulse at 5 keV 

we also have about 1010 photons at 15 keV 

That’s not so small 

But the second set of mirrors can be used 

to cut-off further orders of magnitude of the 

higher-order harmonics 
Courtesy of Rolf Follath 
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Experimental X-ray focus 

There are lots of ways to focus X-rays onto your sample 

You need to pick what’s right for the experiment 

Zone plates 
KB mirrors 

Compound refractive lenses 

• Achromatic 

• Small focus (~1μm) with reasonable 

working distance (~1 m) 

• Asymmetric focus possible 

• Capable of de-focussing 

• Moves X-ray spot around 

• Chromatic 

• Capable of very small focus (<1μm) 

• Short working distance 

• Easy alignment 

• Inflexible (specific focus at specific X-ray energy) 

• Chromatic 

• Beam always on-axis 

• Very long working distance (meters) 

• Easy alignment 

• Focus profile depends on quality of 

lens 
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X-ray Photon Diagnostics 

Position and Intensity Monitors Incident X-ray Spectrum 

X-ray Pulse Duration and Arrival Time 

Streak scan for the Xe 2p3/2 electrons 

at a photon energy of 10 keV Courtesy of Luc Patthey and Pavle Juranic 
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Prioritisation 

This is a multi-dimensional problem and needs to be established through 

discussion with potential uses, external review, and realistic projections 

Experimental Station A at SwissFEL 
XFEL Workshop at EPFL in Lausanne to stimulate ideas 

Science case document published (available online) 

Open meeting in Bern for all potential interested users in Switzerland 

and elsewhere to provide details on current status of project 

ESA Instrumentation Workshop to figure out what should be 

implemented at ESA 

ESA budget numbers established 

Completion of ESA Conceptual Design Report and presentation of 

concept to Photon Science Advisory Committee 

ESA Advisory Committee Meeting to obtain specific and technical 

feedback on plans prior to preparation of Technical Design Report 

At this point we know what we should prioritize, who is interested in 

what techniques, how we’re going to do it, and the general time-frame 

October 2008:   

January 2010:   

September 2011:   

 

March 2012:  

 

mid-2012:  

June 2013:  

 

January 2014:  
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Experiment #1 

Serial Femtosecond Crystallogrpahy 
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X-ray nanocrystallography: Retrieving crystalline structure 

1.5 million shots 
4% hit crystals 
0.007% were useable 
3-4 hours 

X-ray diffraction gives information on 

the positions of all the atoms in the 

crystal 

1.8 million shots 
20% hit crystals 
17 hours 
10 mL of sample 
10 mg of protein 
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Detectors 

CS-PAD 

MPCCD 

Jungfrau 
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SFX measurements 

• 16M Jungfrau 

• 75 um pixels 

• 30 x 30 cm2 area with a hole for the direct beam 

• vacuum compatible 

• adaptive gain for high flux measurements 

resolution = 2π/Qmax 

Qmax = 5.5 Å-1 
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Sample delivery: liquid jet for SFX and WAXS 

• Based on Gas Virtual Dynamic Nozzles (Spence et al.) 

• Liquid jet injector for nanocrystalline samples 

• In use at CXI (LCLS) and SACLA 

• Also useable for photochemistry (WAXS) 

in vacuum 

microscope 

connector to 

catcher 

X-ray interaction point 

nozzle rod 

gate valve 
microscope focus 

jet manipulator 

GVDN 

Massive drawback: working in vacuum is a headache 

Vertical jet geometry 

in CXI chamber (LCLS) 
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Liquid jet accessories 

Anti-settling tank (prevent crystals from 

settling in container 

Remote controlled valves to switch between 

samples, buffer, water 

Gas pressure control 

High-pressure liquid chromatography 

connections everywhere 

Gas tanks for pressurization or HPLC 

pumps 
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SFX sample delivery: Making things simpler 

SACLA development 

uses GVDN in 

compact helium box 

Lipidic Cubic Phase jet uses 

less sample and is more stable 
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SFX Data Processing http://www.desy.de/~twhite/crystfel/ 

Radial integration 

(WAXS) 

Hit finding 

followed by 

peak finding 

(SFX) 
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Experiment #2 

X-ray spectroscopy experiments 
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X-ray spectroscopy experiments at XFELs 

Spectral instability and detector linearity 

Stochastic X-ray spectrum 

Shot-by-shot diagnostics and techniques have significant advantages at XFELs 

Single-shot XAS 
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X-ray intensity normalization for scans 

X-rays 

Izero 

Vs 
SACLA 

LCLS 
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Introduction to von Hamos X-ray spectrometers 

von Hamos geometry 

• Dispersive so you get a complete energy range per XFEL pulse 

• 25 cm radius of curvature crystals means compact setup 

• Scan-free setup means no moving parts 

• Development of segmented crystals provides excellent energy resolution 

• Scales easily with additional crystal+detector pairs to cover other energies 

 Si(311) mono 

 used Si(444) diffraction from 

analyzer 

 focal spot ~ 80 μm 

 Mythen pixels 50 μm 

 Resolution: 100 meV 
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HoXS: Holochromatic X-ray Spectroscopy 

Goal: The ability to obtain a holistic picture of the sample 

HEROS at LCLS 

For example Fe Kβ XES 

and C or N K-edge IXS 

measured simultaneously 

θB#θB#

2D#detector#

θB#

2D#detector#

bent#crystal#bent#crystal#

sample#

incident#
x4rays#

XES/HEROS# IXS#

HoXS#Instrument#



August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch August 28, 2014 FEL’14 Basel, Switzerland chris.milne@psi.ch 

Experiment #3 

Pump-probe experiments 
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Pump-probe measurements 

First we need to 

get the laser into 

the setup 

Control over the 

laser is pretty 

simple so this is 

quite flexible 
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Pump-probe jitter correction 
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the jet to obtain the 1 mm footprint and measure the XES signal as a function of time delay 
between laser and X-rays. We expect to continue these measurements through the third and fourth 
shifts to measure the Ka and Kb XES signals as well as the HEROS signals. 
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Figure 5: Schematic representation of experimental setup for pump-probe x-ray spectroscopy independent 

on group-velocity mismatch. 
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Getting the best pump-probe time resolution 

The time resolution can be affected by many things, 

including geometry and sample index of refraction 

In other words it’s pretty easy to wreck time resolution Figure 2: Left: the HEROS-XES for the 3d5/2→ 2p3/2 transition of a Pt foil recorded for fixed beam 

excitation energy of 11537 eV. Right: (blue circles) the reconstructed HEROS-XAS derived from 

the corresponding HEROS-XES spectrum using the Kramers-Heisenberg formalism. For 

comparison, the conventional total fluorescence yield spectrum is shown (filled orange area). 

 

Figure 1: Delay between laser and X-ray pulses as a function of pathlength where the sample is 

liquid water. So after transmission through 200 mm the laser will have been delayed by 200 fs with 

respect to the X-rays. 

  
High energy resolution off-resonant spectroscopy (HEROS) at x-ray free electron lasers 

In our recent work using the synchrotron x-ray radiation, we combine the concept of off-
resonant XES with a high energy resolution spectrometer operated in dispersive mode[3] for the 
collection of the XES spectra in a single shot,[14] with a direct reconstruction of the XAS from 
the off-resonant XES through the Kramers-Heisenberg formalism.[25] High-energy resolution 
off-resonant spectroscopy (HEROS) allows collecting high-energy resolution XAS spectra with 
unprecedented time resolution thanks to the scanning-free arrangement.  

 

 

 

 

 

 

 

 

 

 

Figure 1 demonstrates the principle of HEROS. The La1 x-ray emission (3d5/2 !2p3/2 transition) 
of a Pt foil was recorded at a fixed incident x-ray beam energy tuned below the L3 absorption 
edge (Fig.1 left). The corresponding HEROS-XAS spectrum was reconstructed based on the 
measured x-ray emission spectrum and by using the reformulated Kramers-Heisenberg formalism. 
The HEROS-XAS spectrum (open circles) is compared to the x-ray absorption spectrum (filled 
orange area) that was recorded by means of total fluorescence yield (TFY). The derived HEROS-
XAS spectrum exhibited more detailed information than the conventional XAS spectrum, due to 
the removal of the initial state broadening.   
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Conclusions 

This is obviously a SwissFEL perspective, but it’s by no means unique 

Experiments: Users will definitely use the XFEL in ways we haven’t thought of 

Optics: Optics can wreck things very quickly (acceptance, coherence) 

  Changing the photon energy needs to be as simple as possible 

Diagnostics: The most important diagnostic is the one closest to the experiment 

Priorities: XFEL experimental stations need to duplicate many storage ring beamlines and need to satisfy many different user communities 

XFEL Science Success Stories 

• Serial Femtosecond Crystallography (Biology) 

• Pump-probe Experiments (Chemistry, Biology, Condensed Matter Physics) 

• Nonlinear X-ray Experiments (AMO, Condensed Matter Physics, Chemistry) 
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