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Fundamental Questions in Materials Science

Advanced x-ray techniques provide unique information by looking into and through complex 
materials and devices.

Coupled with theory and advanced computing capabilities, this information enables a 
detailed understanding of material processing technologies and device physics.

What materials are present?

Where are the materials located?

When do crucial transformations and processes occur?

Why does a material have its structure and properties?
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Transformational Control and X-Rays

The ability to make new materials and to shape them into useful objects 
is the heart of materials science and technology.

In order to meet current challenges, the cycle of material design, 
creation and optimization needs to be fast.

• Steel took thousands of years.
• Silicon technology took 50 years.

X-ray synchrotron radiation provides a unique window into the 
transformation of:

• raw materials into complex materials.
• complex materials into useful implements.



Extraordinary X-Ray Sources

Light source advances enable:
Ø X-ray measurements of ultrafast behavior

Ø Coherent scattering studies of atomic structure and 

dynamics

These allow development of new analysis techniques 
and deeper insight into materials processes.

Typical XFEL Performance – LCLS
§ 3 mJ/pulse (2×1012 10 keV photons)
§ <100 femtosecond long pulses

§ 120 pulses/second

§ Full transverse coherence (it is a 
laser)

§ Stochastic energy spectrum with 
0.1% width 
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Evolution of Accelerator X-Ray Sources

1944 - Blewett infers SR at GE 100 MeV Betatron
1947 - Pollack observes SR at GE 70 MeV 

Synchrotron
1947 - Vitaly Ginzburg invents undulator
1949 - Schwinger simplifies undulator calculations
1952 - Motz, et al demonstrate IR undulator*
1956 - First use of SR for atomic spectroscopy at 

Cornell synchrotron
1961 - NBS synchrotron source available
1964 - Parasitic use of DESY, Hamburg
1968 - Tantalus-I storage ring, Univ. of Wisconsin
1971 - Parasitic use of NINA cyclic synchrotron
1971 - Parasitic use of ACO storage ring, Orsay
1971 - Parasitic use of CEA, Harvard

Most table data from Williams and Winick, Synchrotron Radiation News, 28, 2(2015) *H. Motz, W. Thon, and R. N. Whitehurst, J. Appl. Phys 24, 826(1953) 

F. R. Elder, A. M. Gurewitsch, R. V. Langmuir, and H. C. Pollock, Phys. Rev. 71, 829(1947)



● Such dynamic processes set the steady state 
properties of the electrons.

● These oscillations are slowly damped by the RF.

● When an x-ray photon is emitted, the electron is in 
too large an orbit and starts oscillating around a 
slightly smaller orbit.
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Two Key Accelerator Concepts

RF Acceleration Field

Electron Bunch

Tail

Head
Empty Bucket

● The electrons can be thought of as surfing on the RF 
accelerating field.

● The tail of the pulse sees a bigger acceleration than the head.
● Each stable point on the RF field is referred to as a “RF 

Bucket”.

ISBN 978-3-319-18316-9
DOI 10.1007/978-3-319-18317-6 

Storage Ring
Dynamics

● Electrons at the ideal energy move in circle
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Key Properties of Photon Beams

Phase Space Ellipse

(One for each dimension)
Flux Typically expressed as the number of photons per second. 

But at FEL facilities it is usually expressed as by mJ/pulse.

Spectral Brightness

Photons/(sec-mm2-mrad2-0.1%BW) is typically cited.

Peak Brightness Critical for ultrafast measurements. FELs can generate pulses of attosecond 

duration with significant intensity.

Pulse Bandwidth Critical for spectroscopy and, to a lesser extent, scattering. FEL’s can 
create transform limited pulses. In that case, there is a strict relationship 
between pulse length and bandwidth.

Polarization Storage rings and FELs typically have a horizontal polarization vector which 

generally requires scattering in the vertical plane.

The LCLS-II hard x-ray undulator has a vertical polarization vector.

Circular polarization is possible and important for magnetic measurements.

Number of Modes The number of modes is important for coherent scattering 
measurements. Storage rings typically have large numbers, FEL’s a few. 
The goal with lasers is often to have all the photons in a single mode.

Pulses per Second Storage rings can produce well over a million pulses/second.
Room temperature FELs typically are 60-120 pulses/second.
Superconducting FELs can produce up to a million pulses/second.

~ = 0.658 meV –ps

<latexit sha1_base64="sfhUYRvC9L88LMMqYvbqmztKpeM=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRLxURGh4MZlFfuAJpTJ5KYdOnkwMxFL6Ae48VfcuFDErR/gzr9x2mahrQcGDuecy517vIQzqSzr2ygsLC4trxRXS2vrG5tb5e2dpoxTQaFBYx6LtkckcBZBQzHFoZ0IIKHHoeUNrsZ+6x6EZHF0p4YJuCHpRSxglCgtdcsVp+8RgS+xZZ6eVLFzgUNoYkfBg4LIJ7KPE6lTlmlNgOeJnZMKylHvlr8cP6ZpCJGinEjZsa1EuRkRilEOo5KTSkgIHZAedDSNSAjSzSbHjPCBVnwcxEK/SOGJ+nsiI6GUw9DTyZCovpz1xuJ/XidVQdXNWJSk+jQ6XRSkHKsYj5vBPhNAFR9qQqhg+q+Y9okgVOn+SroEe/bkedI8Mu1j8/zmuFK7zesooj20jw6Rjc5QDV2jOmogih7RM3pFb8aT8WK8Gx/TaMHIZ3bRHxifPz4jmVI=</latexit>
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The Goal: Extend the Diffraction Limit to Hard X-Rays

Jens Als-Nielsen • Des McMorrow

Elements of 
Modern X-ray Physics

Second Edition
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Why: At the diffraction limit, the x-rays are almost completely transversely coherent. 

Coherent x-ray scattering techniques can yield unique structural information.

Look at the ESRF-EBS

● Horizontal emittance of 110 pm-rad yields a 
diffraction limited wavelength of ≈13.8Å.

● Vertical emittance of 5 pm-rad yields a 
diffraction limited wavelength of ≈0.6Å.

Even the best of the current generation of 
storage ring sources don’t reach the full 
diffraction limit for typical hard x-ray 
experiments.

https://www.esrf.eu/home/UsersAndScience/Accelerators/ebs---extremely-brilliant-source/ebs-parameters.html
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Scaling of Electron Emittance

The emittance is an equilibrium property in a storage ring driven by quantum fluctuations (the 

emission of x-ray photons). For a storage ring, the emittance scales like:

!x ∝ E2"3

Where:

E = Electron Energy

! = Angular deviation per period

This suggests three ways to reduce the emittance and raise brightness.

● Use many optical elements to make the angle ! small (expensive but can give order of magnitude 

improvement)

● Run the storage ring at low electron energy (possibly unstable and reduces undulator 

performance)

● Use extremely large ring such as PETRA-IV or build a machine in Fermilab’s Tevatron tunnel (high 

capital cost)
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Linear Accelerators Emerge

Status in 1987 Emittance Electrons 
per pulse

Pulse 
Length

Electrons
per picosecond

Advanced Light Source 17 nm-rad 5⨉109 20 ps 2.5⨉108

ESRF 11 nm-rad 7⨉109 27 ps 2.6⨉108

SLAC Linear Collider 0.3 nm-rad 5⨉1010 3 ps 1.7⨉1010

This paper suggested a spontaneous source 

– like a storage ring – but without the reuse 

of the electrons.

A similar concept (with bunch compressors 

for much shorter pulses) was implemented 

at the SPPS facility at SLAC in the early 

2000s.

The FemtoMax facility at MAX-IV is 

implementing a spontaneous source.*

*https://www.maxiv.lu.se/accelerators-beamlines/beamlines/femtomax/

But there is a much better use of a high performance accelerator
The Free Electron Laser
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A Brief History: Invention of the Free Electron Laser

John Madey at Stanford University first 
proposed a free-electron laser (FEL) 50 years 
ago in the Journal of Applied Physics

Early FEL development focused on producing 

infrared and visible light.

Advances in theory and accelerator technology led 

to proposals in the early 90’s for x-ray FEL’s.
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A Brief History: Invention of the Free Electron Laser
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Electron Paths in an Undulator

Ideally, electrons take a sinusoidal path through an undulator
Electrons with a slightly lower energy will take a longer path
Electrons with a slightly higher energy will take a shorter path

If there is an energy chirp placed on the electron pulse, the beam can be bunched.



● When an x-ray photon is emitted, the electron is in 
too large an orbit and starts oscillating around a 
slightly smaller orbit.

● Electrons at the ideal energy move in circle

15

● Such dynamic processes set the steady state 
properties of the electrons.

● These oscillations are slowly damped by the RF.

A Non-Rigorous View of the FEL

RF Acceleration Field

Electron Bunch

Tail

Head
Empty Bucket

● The electrons can be thought of as surfing on the RF 
accelerating field.

● The tail of the pulse sees a bigger acceleration than the head.
● Each stable point on the RF field is referred to as a “RF 

Bucket”.

ISBN 978-3-319-18316-9
DOI 10.1007/978-3-319-18317-6 
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The X-Rays Make the Field

NO THEY CAN’T – They radiate with random phase
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The X-Rays Make the Field

YES THEY CAN

● Fluctuations or imperfections will 
cause brief, localized  coherence.

● That coherence can start to bunch
the electrons.

● The bunching improves the 
coherence is a self-reinforcing 
process.



● The x-rays create a weak 
accelerating field but with 
much shorter period than RF.

● The x-rays create a weak 
accelerating field but with 
much shorter period than RF.

● The x-ray field pushes 
electrons into non-uniform 
bunch in the undulator.

● This non-uniform bunch 
creates a larger field 
because the electrons start 
radiation more coherently. 
This drives the process 
faster.

● The x-rays create a weak 
accelerating field but with 
much shorter period than RF.

● The x-ray field pushes 
electrons into non-uniform 
bunch in the undulator.

● This non-uniform bunch 
creates a larger field 
because the electrons start 
radiation more coherently. 
This drives the process 
faster.

● The bunches become more 
well defined and the 
radiation goes like Nbunch

2

ISBN 978-3-319-18316-9
DOI 10.1007/978-3-319-18317-6 

A Non-Rigorous View of the FEL

19

Self-Amplified Spontaneous Emission                  SASE 
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Challenge: SASE is a weak process

Synchrotrons Free Electron Lasers
Typ. 1 to 5 meter long

VERY long : typ. >100 meters

Small e-beam emittance

5m @ Spring-8
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(Some) Technical Challenges for an FEL

● A very high electron density is required to drive the SASE process. 

● This requires an electron gun with a very low electron emittance.

● Periodic bunch compression is required to produce the extremely short electron pulses 

are needed.

● High electron density pulses have many instabilities that need to be controlled. 
Laser heaters can be used to destroy correlations.

● In the undulator, the photons go straight. The magnetic properties of the undulator 
have to be almost perfect to keep the photon and electron beams overlapped.

● Optics have to be able to handle high instantaneous photon power.

● The divergence of the photon beam is roughly a !rad. Precise control of the electron 
beam is required to keep the beam on the sample.

● The femtosecond long pulse is  triggered two miles from the experiment. Precise 
timing synchronization is challenging.
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Linacs are very flexible

A variety of optical elements can be put into the linac to aid in optimizing the electron parameters for 

individual experiments.

For example, a bunch compressor, show below, is critical for producing the high electron densities 

required for efficient SASE operation.

The flexibility of the linac is often a complication because setup time for different operating modes 

can be quite time consuming. Thus, facilities like LCLS have gravitated towards “standard 

configurations” to enhance operational efficiency and user productivity.
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What Type Linear Accelerator?
RF Acceleration Field

Electron Bunch

Tail

Head
Empty Bucket

While the conceptual physics is the same for all accelerators, the 

choice of cavities can have a big impact on the approach to 

experiments.

Warm Cu: Relatively low duty factor because heating of the RF 

cavity and power consumption. LCLS is a typical example.

Typically the cavities are filled with RF for a "sec about 60-

120 times a second. 

Also, multiple buckets can be filled within the "sec RF pulse.

Low Duty Superconducting: Many electron pulses within one train 

followed by a long recovery time between macro pulses. 

EuXFEL and FLASH are examples of this structure.

Pulses within a macro pulse can be directed to different 

instruments.

DC Superconducting: LCLS-II will have a continuous pulse train 

with the pulses separated by ≈1 "sec.

Individual pulses can be directed to different instruments.
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Evolution of Hard X-Ray Sources
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LCLS – Linac Coherent Light Source

At the beginning of 2019, almost 10 years after 1st light, 
LCLS shutdown to start a major upgrade, the LCLS-II 
project.

The first stage of that upgrade, the installation of new 

undulators, has been completed.

This talk will focus on where we’re going, not where we’ve 

been.

However, there are great review articles summarizing the 

scientific and technical accomplishments of the last two 

decades. Here are two that appeared in the Reviews of 

Modern Physics after five years of LCLS operation.



Phase 1: 2020

• 2 LCLS-II variable gap undulators

• 0.25 to 25 keV (fundamental) at 120 Hz
• XLEAP pulse(s) at 200-400 attoseconds
• 4 pulses at 0.35 ns to >500 ns separation

Phase 2: 2022

• LCLS-II 4 GeV CW SCRF accelerator

• 0.25 to 5 keV at 1 MHz (CW, programmable)
• 5 new endstations

Phase 3: 2026/7

• LCLS-II-HE 8 GeV CW SCRF accelerator

• 0.25 to >15 keV at 1 MHz
• 5 new or upgraded endstations
• Reconfiguration to increase experimental capacity

Phase 4: 2026/7

• MEC Upgrade

• 1 PW at 10 Hz, plus 1 kJ
• Dedicated experimental cavern
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LCLS – Linac Coherent Light Source

At the beginning of 2019, almost 10 years after 1st light, 
LCLS shutdown to start a major upgrade, the LCLS-II 
project.

The first stage of that upgrade, the installation of new 

undulators, has been completed.

I’ll now focus on where we’re going, not where we’ve been.

However, there are great review articles summarizing the 

scientific and technical accomplishments of the last two 

decades. 



LCLS-II Undulators

Hard X-Ray Undulator
Vertical Polarization
Undulator Period (mm): 26
Number of Modules: 32
Total Length (meters): 109

Soft X-Ray Undulator
Horizontal Polarization
Undulator Period (mm): 39
Number of Modules: 21
Total Length (meters): 71



LCLS Today

SLAC Cu-linac
(<15 GeV, 120 Hz)

Soft X-ray

Hard X-ray
(25 keV, pol. «)

New Variable-gap Undulators

HXU SXU

2019-2020 (18 mos.) Downtime
• Hard X-ray lasing on 17th July 2020
• Soft X-ray lasing on 12th Sept 2020
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The Superconducting Accelerator is Cold!

https://pswww.slac.stanford.edu/swdoc/ecs_dashboards/cryomodule.html
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Synchrotron Sources

Highly stable (intensity, position, pointing, energy) and  partially coherent  

storage rings sources with high brilliance in the hard X-ray Regime

Parameter Comment 
Time Structure Continuous

Intensity Stable

Position/ pointing Stable

Energy spectrum Stable

Timing Stable

Coherence Partial
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Free Electron Lasers

Parameter Storage Ring FEL
Time Structure Continuous Pulsed
Intensity Stable Fluctuations
Position/ pointing Stable Fluctuations
Energy spectrum Stable Fluctuations
Timing Stable Fluctuations
Coherence Partial Full

Measuring Ultra-Fast phenomena ( < 100ps)

JITTER



Free Electron Lasers : using X-rays for Science

SAXS

Diff

XPCS

CXDI

XES

XAS

EXAFS

XANES

…

PUMP

● Relying on the long experience of 
synchrotron Storage Ring sources

● Experiments use at least one of the FEL beam 

properties

● Ideal for ultrafast dynamics, radiation 
sensitive samples, pump-probe (optical, THz, 
Field, etc.)

● Some experiments use more than one 

technique simultaneously or sequentially

Materials 

Science
Chemistry

Atomic & 

Molecular 

Dynamics

High Energy 

Density
Life Sciences

“Linac Coherent Light Source: the first five years”, Rev. Mod. Phys. 88, 015007 (2016)



LCLS: Parameters Overview

White, Robert, Dunne, J. Synch. Rad. 22 (3), pp 472-476 (2015)

http://LCLS.slac.Stanford.edu 



SR vs FEL : Important Parameters

What are the important parameters ? 

① Flux
② Collimated beam
③ Beam position
④ Intensity
⑤ Pulse durations
⑥ Temporal fluctuations
⑦ Energy spectrum
⑧ Coherence



(1) FLUX

● FEL sources provide 
unprecedented peak brilliance

● This originates from the pulsed 
nature of these sources. 

● One typically gets per shot what 
one gets per second on a SR



(3) POSITION

Storage Ring Free Electron Laser

Rock Stable ! 

XPP Instrument
120Hz

Beam fluctuates 
in position
( >10% of its size)



(4) INTENSITY

Storage Ring

Rock Stable !

With 

Or

Without 

Top-up

PINK

Courtesy of XPP

Free Electron Laser

Si(111)

Pink Beam 

Drastic 
difference 
between and

Mono Beam



(4) INTENSITY

Storage Ring

Rock Stable !

With 

Or

Without 

Top-up

Si(111)

FEL

Intensity fluctuations 
come intrinsically from 
the  SASE process.

In addition, machine 
instabilities and special 
behavior when using a 
monochromator.



Storage Ring FEL : LCLS

Pulse duration : typ. 50-100ps

High repetition rate (100sMHz) 

Pulse duration : typ. < 100fs

Repetition rate ~50-100Hz

~10ps
~ns

~nJ

Time Structure

(5) PULSE DURATION  & (6) TIMING

Step position 
indicates 

arrival time

~1-100fs

~ms

~mJ

Time Structure

Tunable



(7) E-spectrum

Storage Ring
Free Electron Laser

Access to high Energies with 3rd harmonic

Stable and well define energy spectrum

1st harmonic width : 1-4%

(example : Troika ID10A at the ESRF)

Access to high Energies with 3rd harmonic

1st harmonic width : 0.1-0.2% (<dE/E>=0.7%)

Fluctuating spectrum from
e-beam jitter and structure

7 

FEL self seeding 

Intense x-ray source 
with spiky spectrum 

Monochromator filter 
creates seed with 
controlled spectrum 

FEL amplifier 
(exponential 
intensity gain) 

Additional 
amplification 
(linear gain) 

seeded 

SASE 

Photon energy 

In
te

ns
ity

 

“seeding” 
will fix this



(8) Degree of Coherence

Storage Ring Free Electron Laser

Limited Coherence

Slit down the beam to typ. 20x20 micron beams 

to extract the coherent fraction of the beam.

xt ! ð1=2Þðl=DYÞ ¼ ðl=2ÞðR=SÞ ð3Þ

Typical transverse coherence lengths at third generation sources range between

10 and 100 mm for l = 1 Å and a distance R ! 50 m from the source. The

spatial coherence properties of a synchrotron X-ray beam can be monitored by

Fraunhofer diffraction from a collimating aperture. > Figure 18-2 shows Airy

fringes from a 5 % 5 mm2 slit located 46 m from the ID10A undulator source at

ESRF. Circular pinhole apertures produce Fraunhofer diffraction patterns where

the central maximum has an angular width that depends upon the pinhole size d

and is typically of order l/d [55, 56].

The temporal coherence of the beam can be described by the longitudinal

coherence time t0 which defines a longitudinal coherence length xl = ct0 over

which the phase of the field amplitude undergoes no fluctuations. t0 is a measure

of the monochromaticity of the beam and is related to the bandwidth Dn of the

light by

t0 ¼ 1=Dn ð4Þ

Awell monochromatized X-ray beam has a bandwidth of Dl/l = 10&4 and hence

a longitudinal coherence time t0 ! 10&15 s. The longitudinal coherence length

is given by

. Figure 18-2
Airy fringes from a 5 % 5 mm2 slit, recorded with l = 1.54 Å radiation at 1.5 m from the slit.
The visibility V of the fringes can be quantified by V = (Imax&Imin)/(Imax + Imin), where Imax is a
fringe maximum and Imin is an adjacent minimum

X-Ray Photon Correlation Spectroscopy (XPCS) 18 957

Grübel, Madsen, Robert ,XPCS ,  Springer (2008) A. Robert et al., J. Phys : Conf. Ser. 425, 212009 (2012)

The beam is fully transversely coherent



Day to day operation

Something very different from storage ring sources, we have : 

“ BAD” days                        and                         “GOOD” days 

● Less than 1mJ per pulse

● Very large intensity fluctuations

● more than 1.5mJ up to 5 mJ

● 10-15% intensity fluctuation and no 

loss at all 

Remember, FELs are in their infancy, this behavior is reminiscent of storage ring 

performance in the late 1970’s and early 1980’s when they were infants
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FEL Experimental Strategies

So, you want to do an experiment at an FEL.

Where do you start?

First, talk to the instrument scientists. They really want to help. But what 
follows is my two cents.
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Understand the Detectors

Almost every FEL has detectors that are optimized for 

their facility. This is totally unlike the case for storage 

ring experiments.

Also, because of the nature of FELs, one cannot in 

general either:

● Use signal averaging on the detector

● Do single photon analysis

Since the detectors are all developed locally, all have 

different software, and all have different idiosyncrasies.

Most likely your experiment will fail if you don’t pay 

careful attention to the detector.

If you are coming to LCLS, ask for help. We have detector experts standing by.
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Develop a Data Analysis Strategy

An experiment, successful or not, will deluge you with data. 

● Probably a hundred parameters are recorded for every x-ray pulse. 

● The detector will produce 5 megabytes of data for every pulse. 

● And the data acquisition system will do that 120 times a second for hours.

That’s a lot of data. You need a plan.

If you are coming to LCLS, ask for help. We have data analysis experts standing by.



Normalizing, Filtering, Binning

● Each X-ray Pulse is UNIQUE
● Each X-ray pulse fluctuates in many way

● It is critical to characterize every pulse 
with precision to the extent possible

● Diagnostics are critical
● Filtering
● Normalizing
● Binning
● Averaging
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Diffract before destroy

Let’s correct a misconception !
Most samples survive a single shot FEL beam

If all photons are focused in a very small spot size
( <2-5 micron) nothing survives a single shot

Neutze et al., 

Nature 406, 

pp752 (2000)

“Diffract-Before-Destroy” take advantage of the peak power to obtain 
information before the systems reacts to the X-ray probe 
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Sample Delivery to support “Diffract and Destroy”

Ability to change the sample 
when damage by the FEL

https://www6.slac.stanford.edu/news/2015-02-02-5-ways-put-tiny-targets-front-x-ray-laser.aspx

Drop-on-Demand

Virtual Nozzle Jet

Aerosol Jet

Simple Liquid Jet

Rastering

LIQUIDS

SOLIDS

Delivery must be optimized for 

each sample.

LCLS has dedicated staff to 

help users with this critical task.
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Typical Pump- Probe Experiment

Detectors
Sample

Δt

Probe

Pump

Δt

Pump-Probe : evolution of relative signal 
with X-ray probe at different time delays 

Δt after excitation (probe)
• Reproducibility of the excited state

• Reproducibility of the sample if damaged

• Ability to synchronize two short pulses

• Correct for timing jitter

Courtesy XPP (Zhu et al.)

Δt



LCLS Structural Biology

Photo-enzyme: Fatty Acids to Hydrocarbons

`

Structure of Human Melatonin Receptors

Stauch B. et al., Nature (2019); Johansson L. C. et al., Nature (2019)

Conformational Dynamics – Enzyme Catalysis

R. Dods, et al., Nature, 589, 310 (2021)

melatonin serotonin

M. Dasgupta, et al., PNAS 116, 25634 (2019)

D. Sorigué, et al., Science 372, eabd5687 (2021)

Light Response of Photosynthetic Protein



LCLS Chemistry

Photosensitizer Charge Relaxation Pathways

`

Solvation Dynamics of a Model PhotocatalystMolecular Ground-state Structural Dynamics

K. Kunnus, K.J. Gaffney, et al., Nature Comm. 11, 634 (2020)

Electronic Excited-state Conical Intersections

T.B. van Driel, et al., Nature Comm. 7, 13678 (2016)

[Ir2(dimen)4]2+[Pt2(POP)4]2+

K. Haldrup, et al., Phys. Rev. Lett. 122, 063001 (2019).

MLCT

3MC 5MC

K.S. Kjaer et al., Chem. Sci., 10, 5729 (2019)



LCLS Materials Science

Ultrafast Collective Dynamics of Polar Vortices

e-ph Coupling in FeSe Superconductor

S. Gerber, et al., Science 357, 71 (2017)

Ultrafast Einstein - de Haas Effect
Transverse spin waves

in ferromagnetic
switching

First direct quantification 
of electron-phonon coupling

Q. Li et al., Nature (2021) 

Ultrafast Disorder in Insulator-Metal Transition

S. Wall, M. Trigo. et al., Science,  (2019)

C. Dornes, et al., Nature 565, 209 (2019)
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Evolution of Hard X-Ray Sources

X-Ray FELs are still in their infancy. Amazing opportunities are available to 
write the next chapter of x-ray science.



Opportunities to Pursue Research

LCLS is a user facility
➠ Operated by SLAC for the Department of Energy, 

Office of Science, Office of Basic Energy Science

Scientific access via beamtime proposal
➠ Open to all

➠ Scientific merit evaluation 

➠ Free of charge for non-proprietary research

Scientific staff is available to provide 
proposal advice

Details at:
http://LCLS.SLAC.Stanford.edu
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Opportunities for Early Career Scientists

In addition to normal graduate and post-

graduate research positions, there are also 

a few highly competitive prestigious early-

career fellowships awarded each year.

Details can be found on the SLAC website:

https://careers.slac.stanford.edu/
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Feedback
Lecture – 2:15 – 3:15

General introduction to FELs - Paul Fuoss

https://forms.office.com/g/ADmyv5Bynr

The End


