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§  X-‐rays	  with	  wavelengths	  
from	  1.2	  –	  25	  Å	  

§  Up	  to	  3	  mJ/pulse	  	  	  	  	  	  	  	  	  
(~1012	  photons/pulse)	  

§  120	  Hz	  rep	  rate	  
§  Variable	  pulse	  length	  

from	  few	  –	  100	  fs	  
§  Δω/ω	  ~	  10–3	  

Flagship	  applicaBons	  include:	  
Single	  shot	  x-‐ray	  imaging,	  Nonlinear	  physics,	  and	  Femtosecond	  dynamics	  



The	  Advanced	  Photon	  Source	  is	  an	  Office	  of	  Science	  User	  Facility	  operated	  for	  the	  U.S.	  Department	  of	  Energy	  Office	  of	  Science	  by	  Argonne	  NaBonal	  Laboratory	  

The LCLS enables new scientific inquiries/discoveries 

4	  

LETTER
doi:10.1038/nature09750

Femtosecond X-ray protein nanocrystallography
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X-ray crystallography provides the vast majority of macromolecular
structures, but the success of themethod relies on growing crystals of
sufficient size. In conventionalmeasurements, thenecessary increase
in X-ray dose to record data from crystals that are too small leads to
extensive damage before a diffraction signal can be recorded1–3. It is
particularly challenging to obtain large, well-diffracting crystals of
membraneproteins, forwhich fewer than300unique structures have
been determined despite their importance in all living cells. Here we
present a method for structure determination where single-crystal
X-ray diffraction ‘snapshots’ are collected from a fully hydrated
stream of nanocrystals using femtosecond pulses from a hard-X-
ray free-electron laser, the Linac Coherent Light Source4. We prove
this concept with nanocrystals of photosystem I, one of the largest
membrane protein complexes5. More than 3,000,000 diffraction
patterns were collected in this study, and a three-dimensional data
set was assembled from individual photosystem I nanocrystals
( 200nm to 2mm in size). We mitigate the problem of radiation
damage in crystallography by using pulses briefer than the timescale
of most damage processes6. This offers a new approach to structure
determination of macromolecules that do not yield crystals of suf-
ficient size for studies using conventional radiation sources or are
particularly sensitive to radiation damage.
Radiation damage has always limited resolution in biological

imaging using electrons or X-rays2. With the recent invention of the
femtosecond X-ray laser, an opportunity has arisen to break the nexus
between radiation dose and spatial resolution. It has been proposed
that femtosecond X-ray pulses can be used to outrun even the fastest
damage processes by using single pulses so brief that they terminate
before the manifestation of damage to the sample6. Experiments at the
FLASH free-electron laser (FEL),Germany, confirmed the feasibility of
‘diffraction before destruction’ at resolution lengths down to 60 Å on
test samples fixed on silicon nitride membranes7. It was predicted that

the irradiance (or power density) of focused pulses from a hard-X-ray
FEL such as the Linac Coherent Light Source (LCLS), USA, would be
sufficient to produce diffraction patterns at near-atomic resolution6.
We demonstrate here that this notion of diffraction before destruc-

tion operates at subnanometre resolution, using themembrane protein
photosystem I as amodel system, and establish anapproach to structure
determination based on X-ray diffraction data from a stream of nano-
crystals6,8. Membrane proteins have a central role in the functioning of
cells and viruses, yet our knowledge of the structure and dynamics
responsible for their functioning remains limited. Photosystem I is a
largemembrane protein complex (1-MDamolecularmass, 36 proteins,
381 cofactors) that acts as a biosolar energy converter in the process of
oxygenic photosynthesis. Its crystals display the symmetry of space
group P63, with unit-cell parameters a5 b5 281 Å and c5 165 Å,
and consist of 78% solvent by volume. We show that diffraction data
can be recorded from these fragile protein nanocrystals before destruc-
tion occurs. Furthermore, we demonstrate that structure factors can be
extracted from the ‘partial’ reflections of tens of thousands of single-
crystal diffraction snapshots, showing that interpretable high-quality,
three-dimensional (3D) structure factor data can be obtained from a
suspension of submicrometre crystals.
Our experimental set-up (Fig. 1 andMethods) records single-crystal

diffraction data from a stream of crystals carried in a 4-mm-diameter,
continuous liquid water jet9 that flows across the focused LCLS X-ray
beam in vacuum at 10ml min21. In contrast to cryo-electron micro-
scopy10,11 or standard crystallography on microcrystals3, which require
cryogenic cooling, these data were collected on fully hydrated, 3D
nanocrystals. The crystal located in the interaction region when an
X-ray pulse arrives gives rise to a diffraction pattern that is detected
on a set of two low-noise, X-ray p–n junction charge-coupled device
(pnCCD)modules12 and read out before the arrival of the next pulse at
the FEL repetition rate of 30Hz, or 1,800 patterns per minute. The
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Femtosecond electronic response of atoms
to ultra-intense X-rays
L. Young1, E. P. Kanter1, B. Krässig1, Y. Li1, A. M. March1, S. T. Pratt1, R. Santra1,2, S. H. Southworth1, N. Rohringer3,
L. F. DiMauro4, G. Doumy4, C. A. Roedig4, N. Berrah5, L. Fang5, M. Hoener5,6, P. H. Bucksbaum7, J. P. Cryan7,
S. Ghimire7, J. M. Glownia7, D. A. Reis7, J. D. Bozek8, C. Bostedt8 & M. Messerschmidt8

An era of exploring the interactions of high-intensity, hard X-rays with matter has begun with the start-up of a hard-X-ray
free-electron laser, the Linac Coherent Light Source (LCLS). Understanding how electrons in matter respond to ultra-intense
X-ray radiation is essential for all applications. Here we reveal the nature of the electronic response in a free atom to
unprecedented high-intensity, short-wavelength, high-fluence radiation (respectively 1018Wcm22, 1.5–0.6 nm,,105X-ray
photons per Å2). At this fluence, the neon target inevitably changes during the course of a single femtosecond-duration X-ray
pulse—by sequentially ejecting electrons—to produce fully-stripped neon through absorption of six photons. Rapid
photoejection of inner-shell electrons produces ‘hollow’ atoms and an intensity-inducedX-ray transparency. Such transparency,
due to the presence of inner-shell vacancies, can be induced in all atomic, molecular and condensed matter systems at high
intensity. Quantitative comparisonwith theory allows us to extract LCLS fluence and pulse duration.Our successfulmodelling of
X-ray/atom interactions using a straightforward rate equation approach augurs favourably for extension to complex systems.

X-ray crystallography has been the foundation of structural science
for the past century. Indeed, almost all the atomic-scale structural
knowledge that we have today has been acquired through diffraction
within homogeneous crystallinematerials. Asmaterials scientists and
biologists expand their research to focus more on structure–function
relationships, three-dimensional structure determinations of non-
periodic and heterogeneous specimens have become increasingly
more important, and the use of the fourth dimension, time, becomes
central to understanding material structure and dynamics. For this
reason, the recent advent of ultrafast, ultra-intense X-rays1 promises
to revolutionize research in structural biology2, warmdensematter3,4,
femtochemistry5 and nanoscale dynamics6.

In biology, approximately 40% of all proteins are not amenable to
forming suitable crystals; such proteins include the hydrophobic
membrane proteins essential for drug action7. The need for crystal-
lization may be eliminated using the method described by Hajdu and
collaborators2. They proposed that atomic-scale structural informa-
tion on single biomolecules could be obtained by using high-fluence
X-ray pulses of few femtoseconds (1 fs5 10215 s) duration to obtain a
diffraction pattern in a single shot before destruction, and thus over-
come the conventional damage limit (200 X-ray photons per Å2)8.
This principle of single-shot femtosecond diffractive imaging was
demonstrated for a micrometre-sized, two-dimensional structure at
wavelength l5 32 nm (ref. 9), but unoriented three-dimensional
complex objects at ångström resolution are only now beginning to
be explored.Coulomb explosion of the biomolecule on the 10-fs time-
scale is typically highlighted as the destructionmechanismof concern.
However, even before Coulomb explosion, each atom in the complex
undergoes electronic damage—that is, a removal and rearrangement
of electrons—that will alter the X-ray diffraction pattern10. It is this
process of electronic damage, which occurs on femtosecond time-
scales within a single X-ray pulse, that we investigate here.

Ionization mechanisms

X-ray-induced electronic damage is initiated primarily by photo-
absorption11, with scattering cross-sections being considerably smaller
at photon energies below 8 keV for atoms heavier than helium. Thus,
the understanding of the photoabsorption mechanism at high X-ray
intensity is critical, not only for biomolecular imaging, but also for
future studies of chemical, material, condensed matter and plasma
systems with X-ray free-electron lasers. At the fluence characteristic
of a focused LCLS beam, ,105 X-ray photons per Å2 per pulse, an
atom will absorb multiple photons within a single pulse12. As a result,
the end of the X-ray pulse probes a target that is entirely different from
that existing at the beginning of the pulse. This feature distinguishes
X-ray free-electron-laser pulses from synchrotron-radiation pulses,
where it is highly unlikely that more than one photon is absorbed
during a single pulse because the fluence is typically 106 times lower.
We are now able to extend studies of X-ray photoabsorptionmechan-
isms to the ultrahigh-intensity, short-wavelength (sub-nanometre)
regime. Multiphoton physics in the short-wavelength regime differs
considerably from the optical high-intensity regime. In contrast to
the optical regime, where even single ionization typically involves
many photons, the photons in the X-ray regime carry enough energy
for single-photon ionization. In the long-wavelength regime, the
availability of high-intensity lasers has permitted detailed studies of
the atomic response to near-infrared radiation. Sequential tunnel ion-
ization13 is the dominant mechanism, leading to multiply-ionized
atoms for intensities up to 1018Wcm22 (ref. 14).

In the intermediate-wavelength regime (,10nm), absorption of a
single photon can result in ionization of shallow-core and valence elec-
trons. Photoabsorption mechanisms in this regime have been studied
for intensities up to 1016Wcm22 using the FLASH free-electron laser15.
In atomic xenon, multiple ionization up to Xe211 was observed16.
Sequential single-photon absorption in the early stages of ionization,
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Sequential multiple photoionization of the prototypical molecule N2 is studied with femtosecond time

resolution using the Linac Coherent Light Source (LCLS). A detailed picture of intense x-ray induced

ionization and dissociation dynamics is revealed, including a molecular mechanism of frustrated

absorption that suppresses the formation of high charge states at short pulse durations. The inverse

scaling of the average target charge state with x-ray peak brightness has possible implications for single-

pulse imaging applications.
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The development of femtosecond light sources covering
the infrared to the extreme ultraviolet (EUV) has led to a
revolution in time-resolved studies of physical and chemi-
cal processes [1]. However, even with the development of
high-harmonic generation sources in the EUV and soft-
x-ray regions, the relatively long wavelengths of these
sources preclude the direct imaging of the motion of
individual atoms. As a result, there has been a tremendous
interest in ‘‘fourth generation’’ accelerator-based free elec-
tron lasers (FEL’s) [2–6], which offer an unprecedented
combination of spatial and temporal resolution. The Free
Electron Laser in Hamburg (FLASH) [2–4] pushed the
wavelengths of these sources into the soft x-ray regime,
while the recently commissioned Linac Coherent Light
Source (LCLS) now accesses the hard x-ray regime [4–6].

In this Letter, we present the first study of the response
of a molecular system,N2, to intense femtosecond duration
laser pulses at a wavelength of 1.1 nm (1100 eV). We
observe x-ray induced ionization and dissociation dynam-
ics leading to various charge states up to fully-strippedN7þ

ions. A molecular mechanism of frustrated absorption that
suppresses the formation of high charge states at short
pulse durations is revealed. We show that this phenomenon
can be explained by a rate equation model that accounts for
molecular valence electron dynamics during the sequence

of ionization events. We also introduce a new parameter,
the photon flux-weighted charge,Qð!Þ, which is a sensitive
measure of the frustrated absorption.
The experiment was conducted using the LCLS Atomic

Molecular and Optical (AMO) physics instrument [7]. The
photon energy was 1100ð$15Þ eV with pulse durations of
280, 80, %7, and %4 fs [8,9]. Unless otherwise noted, the
pulse energies quoted here are nominal values measured
upstream from the beam line optics. These values are
reduced by %65%–85% in the interaction region due to
photon beam transport losses [8]. The photon beam was
focused by Kirkpatrick-Baez (KB) mirrors to an area equal
to about 2 "m2 [10]. MolecularN2 was introduced into the
instrument via a 100 "m pulsed nozzle. A time-of-flight
(TOF) mass spectrometer [7] was used to analyze ions
produced in the interaction of the sample with the LCLS
pulses as shown in Fig. 1.
The x rays interact predominantly with the N2 1s elec-

trons, representing an entirely different regime than pre-
vious FEL-based experiments in the EUV [11]. Multiple
cycles of photon absorption and Auger decay (PA pro-
cesses) produce ions of increasing charge states, eventually
reaching the extreme case where all electrons are removed.
Absorption of five or more photons results in fully-stripped
N7þ ions. These bare ions were indeed observed for long
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Structure determination of proteins and other macromolecules has historically required the growth
of high-quality crystals sufficiently large to diffract x-rays efficiently while withstanding radiation
damage. We applied serial femtosecond crystallography (SFX) using an x-ray free-electron laser
(XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer
by 1 micrometer by 3 micrometers) of the well-characterized model protein lysozyme. The
agreement with synchrotron data demonstrates the immediate relevance of SFX for analyzing
the structure of the large group of difficult-to-crystallize molecules.

Elucidating macromolecular structures by
x-ray crystallography is an important step
in the quest to understand the chemical

mechanisms underlying biological function. Al-
though facilitated greatly by synchrotron x-ray
sources, the method is limited by crystal quality
and radiation damage (1). Crystal size and ra-
diation damage are inherently linked, because
reducing radiation damage requires lowering the
incident fluence. This in turn calls for large crys-
tals that yield sufficient diffraction intensitieswhile
reducing the dose to individual molecules in
the crystal. Unfortunately, growing well-ordered
large crystals can be difficult in many cases, par-
ticularly for large macromolecular assemblies and
membrane proteins. In contrast, micrometer-sized
crystals are frequently observed.Although diffrac-
tion data of small crystals can be collected by using
microfocus synchrotron beamlines, this remains

a challenging approach because of the rapid dam-
age suffered by these small crystals (1).

Serial femtosecond crystallography (SFX) using
x-ray free-electron laser (XFEL) radiation is an
emergingmethod for three-dimensional (3D) struc-
ture determination using crystals ranging from a
few micrometers to a few hundred nanometers
in size and potentially even smaller. This method
relies on x-ray pulses that are sufficiently intense
to produce high-quality diffraction while of short
enough duration to terminate before the onset of
substantial radiation damage (2–4). X-ray pulses
of only 70-fs duration terminate before any chem-
ical damage processes have time to occur, leaving
primarily ionization and x-ray–induced thermal
motion as the main sources of radiation damage
(2–4). SFX therefore promises to break the cor-
relation between sample size, damage, and res-
olution in structural biology. In SFX, a liquid

microjet is used to introduce fully hydrated, ran-
domly oriented crystals into the single-pulseXFEL
beam (5–8), as illustrated in Fig.1. A recent low-
resolution proof-of-principle demonstration of
SFXperformed at the LinacCoherent Light Source
(LCLS) (9) using crystals of photosystem I ranging
in size from 200 nm to 2 mm produced interpret-
able electron density maps (6). Other demonstra-
tion experiments using crystals grown in vivo (7),
as well as in the lipidic sponge phase for mem-
brane proteins (8), were recently published. How-
ever, in all these cases, the x-ray energy of 1.8 keV
(6.9 Å) limited the resolution of the collected data
to about 8 Å. Data collection to a resolution better
than 2Å became possible with the recent commis-
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ARTICLES

Femtosecond electronic response of atoms
to ultra-intense X-rays
L. Young1, E. P. Kanter1, B. Krässig1, Y. Li1, A. M. March1, S. T. Pratt1, R. Santra1,2, S. H. Southworth1, N. Rohringer3,
L. F. DiMauro4, G. Doumy4, C. A. Roedig4, N. Berrah5, L. Fang5, M. Hoener5,6, P. H. Bucksbaum7, J. P. Cryan7,
S. Ghimire7, J. M. Glownia7, D. A. Reis7, J. D. Bozek8, C. Bostedt8 & M. Messerschmidt8

An era of exploring the interactions of high-intensity, hard X-rays with matter has begun with the start-up of a hard-X-ray
free-electron laser, the Linac Coherent Light Source (LCLS). Understanding how electrons in matter respond to ultra-intense
X-ray radiation is essential for all applications. Here we reveal the nature of the electronic response in a free atom to
unprecedented high-intensity, short-wavelength, high-fluence radiation (respectively 1018Wcm22, 1.5–0.6 nm,,105X-ray
photons per Å2). At this fluence, the neon target inevitably changes during the course of a single femtosecond-duration X-ray
pulse—by sequentially ejecting electrons—to produce fully-stripped neon through absorption of six photons. Rapid
photoejection of inner-shell electrons produces ‘hollow’ atoms and an intensity-inducedX-ray transparency. Such transparency,
due to the presence of inner-shell vacancies, can be induced in all atomic, molecular and condensed matter systems at high
intensity. Quantitative comparisonwith theory allows us to extract LCLS fluence and pulse duration.Our successfulmodelling of
X-ray/atom interactions using a straightforward rate equation approach augurs favourably for extension to complex systems.

X-ray crystallography has been the foundation of structural science
for the past century. Indeed, almost all the atomic-scale structural
knowledge that we have today has been acquired through diffraction
within homogeneous crystallinematerials. Asmaterials scientists and
biologists expand their research to focus more on structure–function
relationships, three-dimensional structure determinations of non-
periodic and heterogeneous specimens have become increasingly
more important, and the use of the fourth dimension, time, becomes
central to understanding material structure and dynamics. For this
reason, the recent advent of ultrafast, ultra-intense X-rays1 promises
to revolutionize research in structural biology2, warmdensematter3,4,
femtochemistry5 and nanoscale dynamics6.

In biology, approximately 40% of all proteins are not amenable to
forming suitable crystals; such proteins include the hydrophobic
membrane proteins essential for drug action7. The need for crystal-
lization may be eliminated using the method described by Hajdu and
collaborators2. They proposed that atomic-scale structural informa-
tion on single biomolecules could be obtained by using high-fluence
X-ray pulses of few femtoseconds (1 fs5 10215 s) duration to obtain a
diffraction pattern in a single shot before destruction, and thus over-
come the conventional damage limit (200 X-ray photons per Å2)8.
This principle of single-shot femtosecond diffractive imaging was
demonstrated for a micrometre-sized, two-dimensional structure at
wavelength l5 32 nm (ref. 9), but unoriented three-dimensional
complex objects at ångström resolution are only now beginning to
be explored.Coulomb explosion of the biomolecule on the 10-fs time-
scale is typically highlighted as the destructionmechanismof concern.
However, even before Coulomb explosion, each atom in the complex
undergoes electronic damage—that is, a removal and rearrangement
of electrons—that will alter the X-ray diffraction pattern10. It is this
process of electronic damage, which occurs on femtosecond time-
scales within a single X-ray pulse, that we investigate here.

Ionization mechanisms

X-ray-induced electronic damage is initiated primarily by photo-
absorption11, with scattering cross-sections being considerably smaller
at photon energies below 8 keV for atoms heavier than helium. Thus,
the understanding of the photoabsorption mechanism at high X-ray
intensity is critical, not only for biomolecular imaging, but also for
future studies of chemical, material, condensed matter and plasma
systems with X-ray free-electron lasers. At the fluence characteristic
of a focused LCLS beam, ,105 X-ray photons per Å2 per pulse, an
atom will absorb multiple photons within a single pulse12. As a result,
the end of the X-ray pulse probes a target that is entirely different from
that existing at the beginning of the pulse. This feature distinguishes
X-ray free-electron-laser pulses from synchrotron-radiation pulses,
where it is highly unlikely that more than one photon is absorbed
during a single pulse because the fluence is typically 106 times lower.
We are now able to extend studies of X-ray photoabsorptionmechan-
isms to the ultrahigh-intensity, short-wavelength (sub-nanometre)
regime. Multiphoton physics in the short-wavelength regime differs
considerably from the optical high-intensity regime. In contrast to
the optical regime, where even single ionization typically involves
many photons, the photons in the X-ray regime carry enough energy
for single-photon ionization. In the long-wavelength regime, the
availability of high-intensity lasers has permitted detailed studies of
the atomic response to near-infrared radiation. Sequential tunnel ion-
ization13 is the dominant mechanism, leading to multiply-ionized
atoms for intensities up to 1018Wcm22 (ref. 14).

In the intermediate-wavelength regime (,10nm), absorption of a
single photon can result in ionization of shallow-core and valence elec-
trons. Photoabsorption mechanisms in this regime have been studied
for intensities up to 1016Wcm22 using the FLASH free-electron laser15.
In atomic xenon, multiple ionization up to Xe211 was observed16.
Sequential single-photon absorption in the early stages of ionization,

1Argonne National Laboratory, Argonne, Illinois 60439, USA. 2The University of Chicago, Chicago, Illinois 60637, USA. 3Lawrence Livermore National Laboratory, Livermore,
California 94551, USA. 4The Ohio State University, Columbus, Ohio 43210, USA. 5Western Michigan University, Kalamazoo, Michigan 49008, USA. 6Lawrence Berkeley National
Laboratory, Berkeley, California 94720, USA. 7PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA. 8Linac Coherent Light Source, SLAC
National Accelerator Laboratory, Menlo Park, California 94025, USA.
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Single mimivirus particles intercepted and imaged
with an X-ray laser
M. Marvin Seibert1*, Tomas Ekeberg1*, Filipe R. N. C. Maia1*, Martin Svenda1, Jakob Andreasson1, Olof Jönsson1, Duško Odić1,
Bianca Iwan1, Andrea Rocker1, Daniel Westphal1, Max Hantke1, Daniel P. DePonte2, Anton Barty2, Joachim Schulz2,
Lars Gumprecht2, Nicola Coppola2, Andrew Aquila2, Mengning Liang2, Thomas A. White2, Andrew Martin2, Carl Caleman1,2,
Stephan Stern2,3, Chantal Abergel4, Virginie Seltzer4, Jean-Michel Claverie4, Christoph Bostedt5, John D. Bozek5,
Sébastien Boutet5, A. Alan Miahnahri5, Marc Messerschmidt5, Jacek Krzywinski5, Garth Williams5, Keith O. Hodgson6,
Michael J. Bogan6, Christina Y. Hampton6, Raymond G. Sierra6, Dmitri Starodub6, Inger Andersson7, Saša Bajt8,
Miriam Barthelmess8, John C. H. Spence9, Petra Fromme10, Uwe Weierstall9, Richard Kirian9, Mark Hunter10, R. Bruce Doak9,
Stefano Marchesini11, Stefan P. Hau-Riege12, Matthias Frank12, Robert L. Shoeman13, Lukas Lomb13, Sascha W. Epp14,15,
Robert Hartmann16, Daniel Rolles13,14, Artem Rudenko14,15, Carlo Schmidt14,15, Lutz Foucar13,14, Nils Kimmel17,18, Peter Holl16,
Benedikt Rudek14,15, Benjamin Erk14,15, André Hömke14,15, Christian Reich16, Daniel Pietschner17,18, Georg Weidenspointner17,18,
Lothar Strüder14,17,18,19, Günter Hauser17,18, Hubert Gorke20, Joachim Ullrich14,15, Ilme Schlichting13,14, Sven Herrmann17,18,
Gerhard Schaller17,18, Florian Schopper17,18, Heike Soltau16, Kai-Uwe Kühnel15, Robert Andritschke17,18, Claus-Dieter Schröter15,
Faton Krasniqi13,14, Mario Bott13, Sebastian Schorb21, Daniela Rupp21, Marcus Adolph21, Tais Gorkhover21, Helmut Hirsemann8,
Guillaume Potdevin8, Heinz Graafsma8, Björn Nilsson8, Henry N. Chapman2,3 & Janos Hajdu1

X-ray lasers offer new capabilities in understanding the structure of
biological systems, complex materials and matter under extreme
conditions1–4.Very short andextremelybright, coherentX-raypulses
can be used to outrun key damage processes and obtain a single
diffraction pattern from a large macromolecule, a virus or a cell
before the sample explodes and turns into plasma1. The continuous
diffraction pattern of non-crystalline objects permits oversampling
and direct phase retrieval2. Here we show that high-quality diffrac-
tion data can be obtained with a single X-ray pulse from a non-
crystalline biological sample, a single mimivirus particle, which
was injected into the pulsed beamof a hard-X-ray free-electron laser,
the Linac Coherent Light Source5. Calculations indicate that the
energy deposited into the virus by the pulse heated the particle to
over 100,000K after the pulse had left the sample. The reconstructed
exit wavefront (image) yielded 32-nm full-period resolution in a
single exposure and showed nomeasurable damage. The reconstruc-
tion indicates inhomogeneous arrangement of dense material inside
the virion. We expect that significantly higher resolutions will be
achieved in such experiments with shorter and brighter photon
pulses focused to a smaller area. The resolution in such experiments
can be further extended for samples available in multiple identical
copies.
Diffraction studies of crystalline samples have led to spectacular

breakthroughs in physics, chemistry andbiology over the past hundred
years. Many important targets are difficult or impossible to crystallize,
and this creates systematic blank areas in the structural sciences. X-ray
lasers offer the possibility of stepping beyondX-ray crystallography, to
extend structural studies to single, non-crystalline particles or mol-
ecules1. In this Letter, we present results on biological imaging with

an X-ray free-electron laser, and bring together all the elements
required for structural studies of single, non-crystalline objects.
Mimivirus (Acanthamoeba polyphaga mimivirus) is the largest

known virus6. Its size is comparable to the size of the smallest living cells
(in fact, the namemimivirus stands for ‘microbe-mimicking virus’). The
viral capsid (0.45mm in diameter) has a pseudo-icosahedral appearance
and is covered by an outer layer of dense fibrils7,8. The total diameter of
the particle, including fibrils, is about 0.75mm.Mimivirus is too big for a
full three-dimensional reconstruction by cryo-electronmicroscopy7 and
its fibrils prevent crystallization. The genome9 has 1.2 million base pairs
(comparable to a small bacterium) and contains several genes previously
thought to be present only in cellular organisms, including components
of the protein translation apparatus. Mimivirus can be infected by a
smaller virus, named a ‘virophage’10, which seems to be the first example
of a virus behaving as a parasite of another virus8. Studies of mimivirus
are causing a paradigm shift in virology and have led to renewed debates
about the origin and the definition of viral and cellular life11.
Figure 1 shows the experimental arrangement for imaging single

virus particles. The sample injector, which uses aerodynamic focusing,
was mounted into the CFEL-ASG Multi-Purpose (CAMP) instru-
ment12 on the Atomic, Molecular and Optical Science (AMO) beam-
line13 at the LinacCoherent Light Source5 (LCLS).We recorded far-field
diffraction patterns at a reduced pressure (1026mbar) to minimize
background scattering.Mimiviruswas aerosolized fromavolatile buffer
(250mM ammonium acetate, pH7.5) using a gas dynamic nebulizer14

in aheliumatmosphere. The beamof adiabatically cooled virus particles
was guided through an aerodynamic lens stack (similar to the one
described in ref. 15) and entered the interaction zone with an estimated
velocity of 60–100m s21. The particles were intercepted randomly by

1Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala University, Husargatan 3 (Box 596), SE-751 24 Uppsala, Sweden. 2Center for Free-Electron Laser Science, DESY,
Notkestrasse 85, 22607 Hamburg, Germany. 3University of Hamburg, Notkestrasse 85, 22607 Hamburg, Germany. 4Information Génomique et Structurale, CNRS-UPR2589, Aix-Marseille Université,
Institut de Microbiologie de la Méditerranée, Parc Scientifique de Luminy, Case 934, 13288 Marseille Cedex 9, France. 5LCLS, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
California 94025, USA. 6PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA. 7Department of Molecular Biology, Swedish University of
Agricultural Sciences, Uppsala Biomedical Centre, Box 590, S-751 24 Uppsala, Sweden. 8Photon Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany. 9Department of Physics, PSF470, Arizona
State University, Tempe, Arizona 85287-1504, USA. 10Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604, USA. 11Advanced Light Source, Lawrence
BerkeleyNational Laboratory, Berkeley, California 94720, USA. 12Lawrence LivermoreNational Laboratory, 7000East Avenue,Mail Stop L-211, Livermore, California 94551, USA. 13Max-Planck-Institut für
Medizinische Forschung, Jahnstrasse 29, 69120 Heidelberg, Germany. 14Max Planck Advanced Study Group, Center for Free-Electron Laser Science, Notkestrasse 85, 22607Hamburg, Germany. 15Max-
Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117Heidelberg, Germany. 16PNSensor GmbH, Römerstrasse 28, 80803München, Germany. 17Max-Planck-Institut Halbleiterlabor, Otto-Hahn-Ring
6, 81739 München, Germany. 18Max-Planck-Institut für Extraterrestrische Physik, Giessenbachstrasse, 85741 Garching, Germany. 19Universität Siegen, Emmy-Noether Campus, Walter Flex Strasse 3,
57068 Siegen, Germany. 20Forschungszentrum Jülich, Institut ZEL, 52425 Jülich, Germany. 21Institut für Optik und Atomare Physik, Technische Universität Berlin, Hardenbergstrasse 36, 10623 Berlin,
Germany.
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We have used the Linac Coherent Light Source to generate solid-density aluminum plasmas at

temperatures of up to 180 eV. By varying the photon energy of the x rays that both create and probe

the plasma, and observing the K-! fluorescence, we can directly measure the position of the K edge of the

highly charged ions within the system. The results are found to disagree with the predictions of the

extensively used Stewart-Pyatt model, but are consistent with the earlier model of Ecker and Kröll, which

predicts significantly greater depression of the ionization potential.

DOI: 10.1103/PhysRevLett.109.065002 PACS numbers: 52.20.!j, 52.25.Os, 52.70.La

In a plasma the distribution of the electrostatic potential
surrounding an ion is influenced by the free electrons and
neighboring ions. As a result, the threshold energy required
to further ionize a given ion by exciting one of the bound
electrons to the continuum is lowered from that of the
equivalent isolated ion [1–3], a phenomenon known as
ionization potential depression (IPD). For a dense plasma,
the IPD can significantly alter the ionization balance and
limit the number of accessible bound states (pressure ion-
ization), shifting the charge state distribution (CSD) in the
direction of increased ionization [4,5]. This strongly af-
fects the thermodynamic properties of the system, includ-
ing its equation of state and opacity, and as such the IPD is
of fundamental importance for astrophysics and cosmol-
ogy [6], planetary science [7], and inertial confinement
fusion research [8,9].

At low plasma densities and high temperatures, the IPD
is determined by the charge screening effects described
within the Debye-Hückel (DH) theory [10]. However, at
high electron number densities the DHmodel breaks down,
as the characteristic screening length (the Debye length

"D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"0kBT=nee

2
p

) becomes smaller than the interpar-
ticle distance. Over the past half a century several models
have been proposed for the IPD within such dense systems.
The simplest approach is the ion-sphere (IS) average atom
model, where one defines a radius, R0, of a neutral sphere
containing an ion with charge z#, i.e., 4#R3

0=3 ¼ z#=ne ¼
1=ni, with a resultant IPD of !I ¼ CISz

#e2=ð4#"0R0Þ,

where the value of the constant is taken to be CIS ¼ 9=5
by Zimmerman and More [3]. The most widely used model
for detailed atomic configurations calculations that inter-
polates between the DH and IS limits is the one put forward
by Stewart and Pyatt (SP) [2]: it is the model used in
CRETIN [11], FLYCHK [12], and LASNEX-DCA [13] codes
(amongst many others), which have been used extensively
over the past few decades to simulate hot-dense plasmas. In
the high density limit, the SP model yields an IS form of
the IPD, where the average value z# is replaced by the
charge z of the ion resulting from the ionization process
(i.e., z ¼ 1 for the neutral atom), and CIS is 3=2. However,
prior to the SP model, Ecker and Kröll (EK) [1] posited
that, rather than R0, the relevant length for determining the
IPD at high densities was the average distance between all
free particles, i.e., the radius rEK defined by r3EK ¼
3=ð4#½ne þ ni(Þ, which for a highly ionized system is
approximately the mean separation of the free electrons
(for low densities the same DH limit as in the SP model is
found). The EK model then assumes an IPD of !I ¼
CEKze

2=ð4#"0rEKÞ, where CEK ) 1, and z is defined in
the same way as in the SP model. For highly ionized
systems the EK model predicts a far higher IPD than the
SP model, with an additional scaling of z1=3.
Despite its fundamental importance, experimental data

on the IPD within dense plasmas remain elusive. The few
attempts made to investigate this phenomenon rely on
spectroscopy, measuring continuum edge shifts, and
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Femtosecond X-ray protein nanocrystallography
Henry N. Chapman1,2, Petra Fromme3, Anton Barty1, Thomas A. White1, Richard A. Kirian4, Andrew Aquila1, Mark S. Hunter3,
Joachim Schulz1, Daniel P. DePonte1, Uwe Weierstall4, R. Bruce Doak4, Filipe R. N. C. Maia5, Andrew V. Martin1,
Ilme Schlichting6,7, Lukas Lomb7, Nicola Coppola1{, Robert L. Shoeman7, Sascha W. Epp6,8, Robert Hartmann9, Daniel Rolles6,7,
Artem Rudenko6,8, Lutz Foucar6,7, Nils Kimmel10, Georg Weidenspointner11,10, Peter Holl9, Mengning Liang1,
Miriam Barthelmess12, Carl Caleman1, Sébastien Boutet13, Michael J. Bogan14, Jacek Krzywinski13, Christoph Bostedt13, Saša Bajt12,
Lars Gumprecht1, Benedikt Rudek6,8, Benjamin Erk6,8, Carlo Schmidt6,8, André Hömke6,8, Christian Reich9, Daniel Pietschner10,
Lothar Strüder6,10, Günter Hauser10, Hubert Gorke15, Joachim Ullrich6,8, Sven Herrmann10, Gerhard Schaller10,
Florian Schopper10, Heike Soltau9, Kai-Uwe Kühnel8, Marc Messerschmidt13, John D. Bozek13, Stefan P. Hau-Riege16,
Matthias Frank16, Christina Y. Hampton14, Raymond G. Sierra14, Dmitri Starodub14, Garth J. Williams13, Janos Hajdu5,
Nicusor Timneanu5, M. Marvin Seibert5{, Jakob Andreasson5, Andrea Rocker5, Olof Jönsson5, Martin Svenda5, Stephan Stern1,
Karol Nass2, Robert Andritschke10, Claus-Dieter Schröter8, Faton Krasniqi6,7, Mario Bott7, Kevin E. Schmidt4, Xiaoyu Wang4,
Ingo Grotjohann3, James M. Holton17, Thomas R. M. Barends7, Richard Neutze18, Stefano Marchesini17, Raimund Fromme3,
Sebastian Schorb19, Daniela Rupp19, Marcus Adolph19, Tais Gorkhover19, Inger Andersson20, Helmut Hirsemann12,
Guillaume Potdevin12, Heinz Graafsma12, Björn Nilsson12 & John C. H. Spence4

X-ray crystallography provides the vast majority of macromolecular
structures, but the success of themethod relies on growing crystals of
sufficient size. In conventionalmeasurements, thenecessary increase
in X-ray dose to record data from crystals that are too small leads to
extensive damage before a diffraction signal can be recorded1–3. It is
particularly challenging to obtain large, well-diffracting crystals of
membraneproteins, forwhich fewer than300unique structures have
been determined despite their importance in all living cells. Here we
present a method for structure determination where single-crystal
X-ray diffraction ‘snapshots’ are collected from a fully hydrated
stream of nanocrystals using femtosecond pulses from a hard-X-
ray free-electron laser, the Linac Coherent Light Source4. We prove
this concept with nanocrystals of photosystem I, one of the largest
membrane protein complexes5. More than 3,000,000 diffraction
patterns were collected in this study, and a three-dimensional data
set was assembled from individual photosystem I nanocrystals
( 200nm to 2mm in size). We mitigate the problem of radiation
damage in crystallography by using pulses briefer than the timescale
of most damage processes6. This offers a new approach to structure
determination of macromolecules that do not yield crystals of suf-
ficient size for studies using conventional radiation sources or are
particularly sensitive to radiation damage.
Radiation damage has always limited resolution in biological

imaging using electrons or X-rays2. With the recent invention of the
femtosecond X-ray laser, an opportunity has arisen to break the nexus
between radiation dose and spatial resolution. It has been proposed
that femtosecond X-ray pulses can be used to outrun even the fastest
damage processes by using single pulses so brief that they terminate
before the manifestation of damage to the sample6. Experiments at the
FLASH free-electron laser (FEL),Germany, confirmed the feasibility of
‘diffraction before destruction’ at resolution lengths down to 60 Å on
test samples fixed on silicon nitride membranes7. It was predicted that

the irradiance (or power density) of focused pulses from a hard-X-ray
FEL such as the Linac Coherent Light Source (LCLS), USA, would be
sufficient to produce diffraction patterns at near-atomic resolution6.
We demonstrate here that this notion of diffraction before destruc-

tion operates at subnanometre resolution, using themembrane protein
photosystem I as amodel system, and establish anapproach to structure
determination based on X-ray diffraction data from a stream of nano-
crystals6,8. Membrane proteins have a central role in the functioning of
cells and viruses, yet our knowledge of the structure and dynamics
responsible for their functioning remains limited. Photosystem I is a
largemembrane protein complex (1-MDamolecularmass, 36 proteins,
381 cofactors) that acts as a biosolar energy converter in the process of
oxygenic photosynthesis. Its crystals display the symmetry of space
group P63, with unit-cell parameters a5 b5 281 Å and c5 165 Å,
and consist of 78% solvent by volume. We show that diffraction data
can be recorded from these fragile protein nanocrystals before destruc-
tion occurs. Furthermore, we demonstrate that structure factors can be
extracted from the ‘partial’ reflections of tens of thousands of single-
crystal diffraction snapshots, showing that interpretable high-quality,
three-dimensional (3D) structure factor data can be obtained from a
suspension of submicrometre crystals.
Our experimental set-up (Fig. 1 andMethods) records single-crystal

diffraction data from a stream of crystals carried in a 4-mm-diameter,
continuous liquid water jet9 that flows across the focused LCLS X-ray
beam in vacuum at 10ml min21. In contrast to cryo-electron micro-
scopy10,11 or standard crystallography on microcrystals3, which require
cryogenic cooling, these data were collected on fully hydrated, 3D
nanocrystals. The crystal located in the interaction region when an
X-ray pulse arrives gives rise to a diffraction pattern that is detected
on a set of two low-noise, X-ray p–n junction charge-coupled device
(pnCCD)modules12 and read out before the arrival of the next pulse at
the FEL repetition rate of 30Hz, or 1,800 patterns per minute. The

1Center for Free-Electron Laser Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany. 2University of Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany. 3Department of Chemistry and
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Femtosecond electronic response of atoms
to ultra-intense X-rays
L. Young1, E. P. Kanter1, B. Krässig1, Y. Li1, A. M. March1, S. T. Pratt1, R. Santra1,2, S. H. Southworth1, N. Rohringer3,
L. F. DiMauro4, G. Doumy4, C. A. Roedig4, N. Berrah5, L. Fang5, M. Hoener5,6, P. H. Bucksbaum7, J. P. Cryan7,
S. Ghimire7, J. M. Glownia7, D. A. Reis7, J. D. Bozek8, C. Bostedt8 & M. Messerschmidt8

An era of exploring the interactions of high-intensity, hard X-rays with matter has begun with the start-up of a hard-X-ray
free-electron laser, the Linac Coherent Light Source (LCLS). Understanding how electrons in matter respond to ultra-intense
X-ray radiation is essential for all applications. Here we reveal the nature of the electronic response in a free atom to
unprecedented high-intensity, short-wavelength, high-fluence radiation (respectively 1018Wcm22, 1.5–0.6 nm,,105X-ray
photons per Å2). At this fluence, the neon target inevitably changes during the course of a single femtosecond-duration X-ray
pulse—by sequentially ejecting electrons—to produce fully-stripped neon through absorption of six photons. Rapid
photoejection of inner-shell electrons produces ‘hollow’ atoms and an intensity-inducedX-ray transparency. Such transparency,
due to the presence of inner-shell vacancies, can be induced in all atomic, molecular and condensed matter systems at high
intensity. Quantitative comparisonwith theory allows us to extract LCLS fluence and pulse duration.Our successfulmodelling of
X-ray/atom interactions using a straightforward rate equation approach augurs favourably for extension to complex systems.

X-ray crystallography has been the foundation of structural science
for the past century. Indeed, almost all the atomic-scale structural
knowledge that we have today has been acquired through diffraction
within homogeneous crystallinematerials. Asmaterials scientists and
biologists expand their research to focus more on structure–function
relationships, three-dimensional structure determinations of non-
periodic and heterogeneous specimens have become increasingly
more important, and the use of the fourth dimension, time, becomes
central to understanding material structure and dynamics. For this
reason, the recent advent of ultrafast, ultra-intense X-rays1 promises
to revolutionize research in structural biology2, warmdensematter3,4,
femtochemistry5 and nanoscale dynamics6.

In biology, approximately 40% of all proteins are not amenable to
forming suitable crystals; such proteins include the hydrophobic
membrane proteins essential for drug action7. The need for crystal-
lization may be eliminated using the method described by Hajdu and
collaborators2. They proposed that atomic-scale structural informa-
tion on single biomolecules could be obtained by using high-fluence
X-ray pulses of few femtoseconds (1 fs5 10215 s) duration to obtain a
diffraction pattern in a single shot before destruction, and thus over-
come the conventional damage limit (200 X-ray photons per Å2)8.
This principle of single-shot femtosecond diffractive imaging was
demonstrated for a micrometre-sized, two-dimensional structure at
wavelength l5 32 nm (ref. 9), but unoriented three-dimensional
complex objects at ångström resolution are only now beginning to
be explored.Coulomb explosion of the biomolecule on the 10-fs time-
scale is typically highlighted as the destructionmechanismof concern.
However, even before Coulomb explosion, each atom in the complex
undergoes electronic damage—that is, a removal and rearrangement
of electrons—that will alter the X-ray diffraction pattern10. It is this
process of electronic damage, which occurs on femtosecond time-
scales within a single X-ray pulse, that we investigate here.

Ionization mechanisms

X-ray-induced electronic damage is initiated primarily by photo-
absorption11, with scattering cross-sections being considerably smaller
at photon energies below 8 keV for atoms heavier than helium. Thus,
the understanding of the photoabsorption mechanism at high X-ray
intensity is critical, not only for biomolecular imaging, but also for
future studies of chemical, material, condensed matter and plasma
systems with X-ray free-electron lasers. At the fluence characteristic
of a focused LCLS beam, ,105 X-ray photons per Å2 per pulse, an
atom will absorb multiple photons within a single pulse12. As a result,
the end of the X-ray pulse probes a target that is entirely different from
that existing at the beginning of the pulse. This feature distinguishes
X-ray free-electron-laser pulses from synchrotron-radiation pulses,
where it is highly unlikely that more than one photon is absorbed
during a single pulse because the fluence is typically 106 times lower.
We are now able to extend studies of X-ray photoabsorptionmechan-
isms to the ultrahigh-intensity, short-wavelength (sub-nanometre)
regime. Multiphoton physics in the short-wavelength regime differs
considerably from the optical high-intensity regime. In contrast to
the optical regime, where even single ionization typically involves
many photons, the photons in the X-ray regime carry enough energy
for single-photon ionization. In the long-wavelength regime, the
availability of high-intensity lasers has permitted detailed studies of
the atomic response to near-infrared radiation. Sequential tunnel ion-
ization13 is the dominant mechanism, leading to multiply-ionized
atoms for intensities up to 1018Wcm22 (ref. 14).

In the intermediate-wavelength regime (,10nm), absorption of a
single photon can result in ionization of shallow-core and valence elec-
trons. Photoabsorption mechanisms in this regime have been studied
for intensities up to 1016Wcm22 using the FLASH free-electron laser15.
In atomic xenon, multiple ionization up to Xe211 was observed16.
Sequential single-photon absorption in the early stages of ionization,

1Argonne National Laboratory, Argonne, Illinois 60439, USA. 2The University of Chicago, Chicago, Illinois 60637, USA. 3Lawrence Livermore National Laboratory, Livermore,
California 94551, USA. 4The Ohio State University, Columbus, Ohio 43210, USA. 5Western Michigan University, Kalamazoo, Michigan 49008, USA. 6Lawrence Berkeley National
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Sequential multiple photoionization of the prototypical molecule N2 is studied with femtosecond time

resolution using the Linac Coherent Light Source (LCLS). A detailed picture of intense x-ray induced

ionization and dissociation dynamics is revealed, including a molecular mechanism of frustrated

absorption that suppresses the formation of high charge states at short pulse durations. The inverse

scaling of the average target charge state with x-ray peak brightness has possible implications for single-

pulse imaging applications.

DOI: 10.1103/PhysRevLett.104.253002 PACS numbers: 33.80.Rv, 32.80.Rm, 42.50.Hz

The development of femtosecond light sources covering
the infrared to the extreme ultraviolet (EUV) has led to a
revolution in time-resolved studies of physical and chemi-
cal processes [1]. However, even with the development of
high-harmonic generation sources in the EUV and soft-
x-ray regions, the relatively long wavelengths of these
sources preclude the direct imaging of the motion of
individual atoms. As a result, there has been a tremendous
interest in ‘‘fourth generation’’ accelerator-based free elec-
tron lasers (FEL’s) [2–6], which offer an unprecedented
combination of spatial and temporal resolution. The Free
Electron Laser in Hamburg (FLASH) [2–4] pushed the
wavelengths of these sources into the soft x-ray regime,
while the recently commissioned Linac Coherent Light
Source (LCLS) now accesses the hard x-ray regime [4–6].

In this Letter, we present the first study of the response
of a molecular system,N2, to intense femtosecond duration
laser pulses at a wavelength of 1.1 nm (1100 eV). We
observe x-ray induced ionization and dissociation dynam-
ics leading to various charge states up to fully-strippedN7þ

ions. A molecular mechanism of frustrated absorption that
suppresses the formation of high charge states at short
pulse durations is revealed. We show that this phenomenon
can be explained by a rate equation model that accounts for
molecular valence electron dynamics during the sequence

of ionization events. We also introduce a new parameter,
the photon flux-weighted charge,Qð!Þ, which is a sensitive
measure of the frustrated absorption.
The experiment was conducted using the LCLS Atomic

Molecular and Optical (AMO) physics instrument [7]. The
photon energy was 1100ð$15Þ eV with pulse durations of
280, 80, %7, and %4 fs [8,9]. Unless otherwise noted, the
pulse energies quoted here are nominal values measured
upstream from the beam line optics. These values are
reduced by %65%–85% in the interaction region due to
photon beam transport losses [8]. The photon beam was
focused by Kirkpatrick-Baez (KB) mirrors to an area equal
to about 2 "m2 [10]. MolecularN2 was introduced into the
instrument via a 100 "m pulsed nozzle. A time-of-flight
(TOF) mass spectrometer [7] was used to analyze ions
produced in the interaction of the sample with the LCLS
pulses as shown in Fig. 1.
The x rays interact predominantly with the N2 1s elec-

trons, representing an entirely different regime than pre-
vious FEL-based experiments in the EUV [11]. Multiple
cycles of photon absorption and Auger decay (PA pro-
cesses) produce ions of increasing charge states, eventually
reaching the extreme case where all electrons are removed.
Absorption of five or more photons results in fully-stripped
N7þ ions. These bare ions were indeed observed for long
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High-Resolution Protein Structure
Determination by Serial
Femtosecond Crystallography
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John C. H. Spence,5 Henry N. Chapman,4,16 Ilme Schlichting2,3

Structure determination of proteins and other macromolecules has historically required the growth
of high-quality crystals sufficiently large to diffract x-rays efficiently while withstanding radiation
damage. We applied serial femtosecond crystallography (SFX) using an x-ray free-electron laser
(XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer
by 1 micrometer by 3 micrometers) of the well-characterized model protein lysozyme. The
agreement with synchrotron data demonstrates the immediate relevance of SFX for analyzing
the structure of the large group of difficult-to-crystallize molecules.

Elucidating macromolecular structures by
x-ray crystallography is an important step
in the quest to understand the chemical

mechanisms underlying biological function. Al-
though facilitated greatly by synchrotron x-ray
sources, the method is limited by crystal quality
and radiation damage (1). Crystal size and ra-
diation damage are inherently linked, because
reducing radiation damage requires lowering the
incident fluence. This in turn calls for large crys-
tals that yield sufficient diffraction intensitieswhile
reducing the dose to individual molecules in
the crystal. Unfortunately, growing well-ordered
large crystals can be difficult in many cases, par-
ticularly for large macromolecular assemblies and
membrane proteins. In contrast, micrometer-sized
crystals are frequently observed.Although diffrac-
tion data of small crystals can be collected by using
microfocus synchrotron beamlines, this remains

a challenging approach because of the rapid dam-
age suffered by these small crystals (1).

Serial femtosecond crystallography (SFX) using
x-ray free-electron laser (XFEL) radiation is an
emergingmethod for three-dimensional (3D) struc-
ture determination using crystals ranging from a
few micrometers to a few hundred nanometers
in size and potentially even smaller. This method
relies on x-ray pulses that are sufficiently intense
to produce high-quality diffraction while of short
enough duration to terminate before the onset of
substantial radiation damage (2–4). X-ray pulses
of only 70-fs duration terminate before any chem-
ical damage processes have time to occur, leaving
primarily ionization and x-ray–induced thermal
motion as the main sources of radiation damage
(2–4). SFX therefore promises to break the cor-
relation between sample size, damage, and res-
olution in structural biology. In SFX, a liquid

microjet is used to introduce fully hydrated, ran-
domly oriented crystals into the single-pulseXFEL
beam (5–8), as illustrated in Fig.1. A recent low-
resolution proof-of-principle demonstration of
SFXperformed at the LinacCoherent Light Source
(LCLS) (9) using crystals of photosystem I ranging
in size from 200 nm to 2 mm produced interpret-
able electron density maps (6). Other demonstra-
tion experiments using crystals grown in vivo (7),
as well as in the lipidic sponge phase for mem-
brane proteins (8), were recently published. How-
ever, in all these cases, the x-ray energy of 1.8 keV
(6.9 Å) limited the resolution of the collected data
to about 8 Å. Data collection to a resolution better
than 2Å became possible with the recent commis-
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Femtosecond electronic response of atoms
to ultra-intense X-rays
L. Young1, E. P. Kanter1, B. Krässig1, Y. Li1, A. M. March1, S. T. Pratt1, R. Santra1,2, S. H. Southworth1, N. Rohringer3,
L. F. DiMauro4, G. Doumy4, C. A. Roedig4, N. Berrah5, L. Fang5, M. Hoener5,6, P. H. Bucksbaum7, J. P. Cryan7,
S. Ghimire7, J. M. Glownia7, D. A. Reis7, J. D. Bozek8, C. Bostedt8 & M. Messerschmidt8

An era of exploring the interactions of high-intensity, hard X-rays with matter has begun with the start-up of a hard-X-ray
free-electron laser, the Linac Coherent Light Source (LCLS). Understanding how electrons in matter respond to ultra-intense
X-ray radiation is essential for all applications. Here we reveal the nature of the electronic response in a free atom to
unprecedented high-intensity, short-wavelength, high-fluence radiation (respectively 1018Wcm22, 1.5–0.6 nm,,105X-ray
photons per Å2). At this fluence, the neon target inevitably changes during the course of a single femtosecond-duration X-ray
pulse—by sequentially ejecting electrons—to produce fully-stripped neon through absorption of six photons. Rapid
photoejection of inner-shell electrons produces ‘hollow’ atoms and an intensity-inducedX-ray transparency. Such transparency,
due to the presence of inner-shell vacancies, can be induced in all atomic, molecular and condensed matter systems at high
intensity. Quantitative comparisonwith theory allows us to extract LCLS fluence and pulse duration.Our successfulmodelling of
X-ray/atom interactions using a straightforward rate equation approach augurs favourably for extension to complex systems.

X-ray crystallography has been the foundation of structural science
for the past century. Indeed, almost all the atomic-scale structural
knowledge that we have today has been acquired through diffraction
within homogeneous crystallinematerials. Asmaterials scientists and
biologists expand their research to focus more on structure–function
relationships, three-dimensional structure determinations of non-
periodic and heterogeneous specimens have become increasingly
more important, and the use of the fourth dimension, time, becomes
central to understanding material structure and dynamics. For this
reason, the recent advent of ultrafast, ultra-intense X-rays1 promises
to revolutionize research in structural biology2, warmdensematter3,4,
femtochemistry5 and nanoscale dynamics6.

In biology, approximately 40% of all proteins are not amenable to
forming suitable crystals; such proteins include the hydrophobic
membrane proteins essential for drug action7. The need for crystal-
lization may be eliminated using the method described by Hajdu and
collaborators2. They proposed that atomic-scale structural informa-
tion on single biomolecules could be obtained by using high-fluence
X-ray pulses of few femtoseconds (1 fs5 10215 s) duration to obtain a
diffraction pattern in a single shot before destruction, and thus over-
come the conventional damage limit (200 X-ray photons per Å2)8.
This principle of single-shot femtosecond diffractive imaging was
demonstrated for a micrometre-sized, two-dimensional structure at
wavelength l5 32 nm (ref. 9), but unoriented three-dimensional
complex objects at ångström resolution are only now beginning to
be explored.Coulomb explosion of the biomolecule on the 10-fs time-
scale is typically highlighted as the destructionmechanismof concern.
However, even before Coulomb explosion, each atom in the complex
undergoes electronic damage—that is, a removal and rearrangement
of electrons—that will alter the X-ray diffraction pattern10. It is this
process of electronic damage, which occurs on femtosecond time-
scales within a single X-ray pulse, that we investigate here.

Ionization mechanisms

X-ray-induced electronic damage is initiated primarily by photo-
absorption11, with scattering cross-sections being considerably smaller
at photon energies below 8 keV for atoms heavier than helium. Thus,
the understanding of the photoabsorption mechanism at high X-ray
intensity is critical, not only for biomolecular imaging, but also for
future studies of chemical, material, condensed matter and plasma
systems with X-ray free-electron lasers. At the fluence characteristic
of a focused LCLS beam, ,105 X-ray photons per Å2 per pulse, an
atom will absorb multiple photons within a single pulse12. As a result,
the end of the X-ray pulse probes a target that is entirely different from
that existing at the beginning of the pulse. This feature distinguishes
X-ray free-electron-laser pulses from synchrotron-radiation pulses,
where it is highly unlikely that more than one photon is absorbed
during a single pulse because the fluence is typically 106 times lower.
We are now able to extend studies of X-ray photoabsorptionmechan-
isms to the ultrahigh-intensity, short-wavelength (sub-nanometre)
regime. Multiphoton physics in the short-wavelength regime differs
considerably from the optical high-intensity regime. In contrast to
the optical regime, where even single ionization typically involves
many photons, the photons in the X-ray regime carry enough energy
for single-photon ionization. In the long-wavelength regime, the
availability of high-intensity lasers has permitted detailed studies of
the atomic response to near-infrared radiation. Sequential tunnel ion-
ization13 is the dominant mechanism, leading to multiply-ionized
atoms for intensities up to 1018Wcm22 (ref. 14).

In the intermediate-wavelength regime (,10nm), absorption of a
single photon can result in ionization of shallow-core and valence elec-
trons. Photoabsorption mechanisms in this regime have been studied
for intensities up to 1016Wcm22 using the FLASH free-electron laser15.
In atomic xenon, multiple ionization up to Xe211 was observed16.
Sequential single-photon absorption in the early stages of ionization,

1Argonne National Laboratory, Argonne, Illinois 60439, USA. 2The University of Chicago, Chicago, Illinois 60637, USA. 3Lawrence Livermore National Laboratory, Livermore,
California 94551, USA. 4The Ohio State University, Columbus, Ohio 43210, USA. 5Western Michigan University, Kalamazoo, Michigan 49008, USA. 6Lawrence Berkeley National
Laboratory, Berkeley, California 94720, USA. 7PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA. 8Linac Coherent Light Source, SLAC
National Accelerator Laboratory, Menlo Park, California 94025, USA.
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Single mimivirus particles intercepted and imaged
with an X-ray laser
M. Marvin Seibert1*, Tomas Ekeberg1*, Filipe R. N. C. Maia1*, Martin Svenda1, Jakob Andreasson1, Olof Jönsson1, Duško Odić1,
Bianca Iwan1, Andrea Rocker1, Daniel Westphal1, Max Hantke1, Daniel P. DePonte2, Anton Barty2, Joachim Schulz2,
Lars Gumprecht2, Nicola Coppola2, Andrew Aquila2, Mengning Liang2, Thomas A. White2, Andrew Martin2, Carl Caleman1,2,
Stephan Stern2,3, Chantal Abergel4, Virginie Seltzer4, Jean-Michel Claverie4, Christoph Bostedt5, John D. Bozek5,
Sébastien Boutet5, A. Alan Miahnahri5, Marc Messerschmidt5, Jacek Krzywinski5, Garth Williams5, Keith O. Hodgson6,
Michael J. Bogan6, Christina Y. Hampton6, Raymond G. Sierra6, Dmitri Starodub6, Inger Andersson7, Saša Bajt8,
Miriam Barthelmess8, John C. H. Spence9, Petra Fromme10, Uwe Weierstall9, Richard Kirian9, Mark Hunter10, R. Bruce Doak9,
Stefano Marchesini11, Stefan P. Hau-Riege12, Matthias Frank12, Robert L. Shoeman13, Lukas Lomb13, Sascha W. Epp14,15,
Robert Hartmann16, Daniel Rolles13,14, Artem Rudenko14,15, Carlo Schmidt14,15, Lutz Foucar13,14, Nils Kimmel17,18, Peter Holl16,
Benedikt Rudek14,15, Benjamin Erk14,15, André Hömke14,15, Christian Reich16, Daniel Pietschner17,18, Georg Weidenspointner17,18,
Lothar Strüder14,17,18,19, Günter Hauser17,18, Hubert Gorke20, Joachim Ullrich14,15, Ilme Schlichting13,14, Sven Herrmann17,18,
Gerhard Schaller17,18, Florian Schopper17,18, Heike Soltau16, Kai-Uwe Kühnel15, Robert Andritschke17,18, Claus-Dieter Schröter15,
Faton Krasniqi13,14, Mario Bott13, Sebastian Schorb21, Daniela Rupp21, Marcus Adolph21, Tais Gorkhover21, Helmut Hirsemann8,
Guillaume Potdevin8, Heinz Graafsma8, Björn Nilsson8, Henry N. Chapman2,3 & Janos Hajdu1

X-ray lasers offer new capabilities in understanding the structure of
biological systems, complex materials and matter under extreme
conditions1–4.Very short andextremelybright, coherentX-raypulses
can be used to outrun key damage processes and obtain a single
diffraction pattern from a large macromolecule, a virus or a cell
before the sample explodes and turns into plasma1. The continuous
diffraction pattern of non-crystalline objects permits oversampling
and direct phase retrieval2. Here we show that high-quality diffrac-
tion data can be obtained with a single X-ray pulse from a non-
crystalline biological sample, a single mimivirus particle, which
was injected into the pulsed beamof a hard-X-ray free-electron laser,
the Linac Coherent Light Source5. Calculations indicate that the
energy deposited into the virus by the pulse heated the particle to
over 100,000K after the pulse had left the sample. The reconstructed
exit wavefront (image) yielded 32-nm full-period resolution in a
single exposure and showed nomeasurable damage. The reconstruc-
tion indicates inhomogeneous arrangement of dense material inside
the virion. We expect that significantly higher resolutions will be
achieved in such experiments with shorter and brighter photon
pulses focused to a smaller area. The resolution in such experiments
can be further extended for samples available in multiple identical
copies.
Diffraction studies of crystalline samples have led to spectacular

breakthroughs in physics, chemistry andbiology over the past hundred
years. Many important targets are difficult or impossible to crystallize,
and this creates systematic blank areas in the structural sciences. X-ray
lasers offer the possibility of stepping beyondX-ray crystallography, to
extend structural studies to single, non-crystalline particles or mol-
ecules1. In this Letter, we present results on biological imaging with

an X-ray free-electron laser, and bring together all the elements
required for structural studies of single, non-crystalline objects.
Mimivirus (Acanthamoeba polyphaga mimivirus) is the largest

known virus6. Its size is comparable to the size of the smallest living cells
(in fact, the namemimivirus stands for ‘microbe-mimicking virus’). The
viral capsid (0.45mm in diameter) has a pseudo-icosahedral appearance
and is covered by an outer layer of dense fibrils7,8. The total diameter of
the particle, including fibrils, is about 0.75mm.Mimivirus is too big for a
full three-dimensional reconstruction by cryo-electronmicroscopy7 and
its fibrils prevent crystallization. The genome9 has 1.2 million base pairs
(comparable to a small bacterium) and contains several genes previously
thought to be present only in cellular organisms, including components
of the protein translation apparatus. Mimivirus can be infected by a
smaller virus, named a ‘virophage’10, which seems to be the first example
of a virus behaving as a parasite of another virus8. Studies of mimivirus
are causing a paradigm shift in virology and have led to renewed debates
about the origin and the definition of viral and cellular life11.
Figure 1 shows the experimental arrangement for imaging single

virus particles. The sample injector, which uses aerodynamic focusing,
was mounted into the CFEL-ASG Multi-Purpose (CAMP) instru-
ment12 on the Atomic, Molecular and Optical Science (AMO) beam-
line13 at the LinacCoherent Light Source5 (LCLS).We recorded far-field
diffraction patterns at a reduced pressure (1026mbar) to minimize
background scattering.Mimiviruswas aerosolized fromavolatile buffer
(250mM ammonium acetate, pH7.5) using a gas dynamic nebulizer14

in aheliumatmosphere. The beamof adiabatically cooled virus particles
was guided through an aerodynamic lens stack (similar to the one
described in ref. 15) and entered the interaction zone with an estimated
velocity of 60–100m s21. The particles were intercepted randomly by

1Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala University, Husargatan 3 (Box 596), SE-751 24 Uppsala, Sweden. 2Center for Free-Electron Laser Science, DESY,
Notkestrasse 85, 22607 Hamburg, Germany. 3University of Hamburg, Notkestrasse 85, 22607 Hamburg, Germany. 4Information Génomique et Structurale, CNRS-UPR2589, Aix-Marseille Université,
Institut de Microbiologie de la Méditerranée, Parc Scientifique de Luminy, Case 934, 13288 Marseille Cedex 9, France. 5LCLS, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
California 94025, USA. 6PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA. 7Department of Molecular Biology, Swedish University of
Agricultural Sciences, Uppsala Biomedical Centre, Box 590, S-751 24 Uppsala, Sweden. 8Photon Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany. 9Department of Physics, PSF470, Arizona
State University, Tempe, Arizona 85287-1504, USA. 10Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604, USA. 11Advanced Light Source, Lawrence
BerkeleyNational Laboratory, Berkeley, California 94720, USA. 12Lawrence LivermoreNational Laboratory, 7000East Avenue,Mail Stop L-211, Livermore, California 94551, USA. 13Max-Planck-Institut für
Medizinische Forschung, Jahnstrasse 29, 69120 Heidelberg, Germany. 14Max Planck Advanced Study Group, Center for Free-Electron Laser Science, Notkestrasse 85, 22607Hamburg, Germany. 15Max-
Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117Heidelberg, Germany. 16PNSensor GmbH, Römerstrasse 28, 80803München, Germany. 17Max-Planck-Institut Halbleiterlabor, Otto-Hahn-Ring
6, 81739 München, Germany. 18Max-Planck-Institut für Extraterrestrische Physik, Giessenbachstrasse, 85741 Garching, Germany. 19Universität Siegen, Emmy-Noether Campus, Walter Flex Strasse 3,
57068 Siegen, Germany. 20Forschungszentrum Jülich, Institut ZEL, 52425 Jülich, Germany. 21Institut für Optik und Atomare Physik, Technische Universität Berlin, Hardenbergstrasse 36, 10623 Berlin,
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We have used the Linac Coherent Light Source to generate solid-density aluminum plasmas at

temperatures of up to 180 eV. By varying the photon energy of the x rays that both create and probe

the plasma, and observing the K-! fluorescence, we can directly measure the position of the K edge of the

highly charged ions within the system. The results are found to disagree with the predictions of the

extensively used Stewart-Pyatt model, but are consistent with the earlier model of Ecker and Kröll, which

predicts significantly greater depression of the ionization potential.

DOI: 10.1103/PhysRevLett.109.065002 PACS numbers: 52.20.!j, 52.25.Os, 52.70.La

In a plasma the distribution of the electrostatic potential
surrounding an ion is influenced by the free electrons and
neighboring ions. As a result, the threshold energy required
to further ionize a given ion by exciting one of the bound
electrons to the continuum is lowered from that of the
equivalent isolated ion [1–3], a phenomenon known as
ionization potential depression (IPD). For a dense plasma,
the IPD can significantly alter the ionization balance and
limit the number of accessible bound states (pressure ion-
ization), shifting the charge state distribution (CSD) in the
direction of increased ionization [4,5]. This strongly af-
fects the thermodynamic properties of the system, includ-
ing its equation of state and opacity, and as such the IPD is
of fundamental importance for astrophysics and cosmol-
ogy [6], planetary science [7], and inertial confinement
fusion research [8,9].

At low plasma densities and high temperatures, the IPD
is determined by the charge screening effects described
within the Debye-Hückel (DH) theory [10]. However, at
high electron number densities the DHmodel breaks down,
as the characteristic screening length (the Debye length

"D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"0kBT=nee

2
p

) becomes smaller than the interpar-
ticle distance. Over the past half a century several models
have been proposed for the IPD within such dense systems.
The simplest approach is the ion-sphere (IS) average atom
model, where one defines a radius, R0, of a neutral sphere
containing an ion with charge z#, i.e., 4#R3

0=3 ¼ z#=ne ¼
1=ni, with a resultant IPD of !I ¼ CISz

#e2=ð4#"0R0Þ,

where the value of the constant is taken to be CIS ¼ 9=5
by Zimmerman and More [3]. The most widely used model
for detailed atomic configurations calculations that inter-
polates between the DH and IS limits is the one put forward
by Stewart and Pyatt (SP) [2]: it is the model used in
CRETIN [11], FLYCHK [12], and LASNEX-DCA [13] codes
(amongst many others), which have been used extensively
over the past few decades to simulate hot-dense plasmas. In
the high density limit, the SP model yields an IS form of
the IPD, where the average value z# is replaced by the
charge z of the ion resulting from the ionization process
(i.e., z ¼ 1 for the neutral atom), and CIS is 3=2. However,
prior to the SP model, Ecker and Kröll (EK) [1] posited
that, rather than R0, the relevant length for determining the
IPD at high densities was the average distance between all
free particles, i.e., the radius rEK defined by r3EK ¼
3=ð4#½ne þ ni(Þ, which for a highly ionized system is
approximately the mean separation of the free electrons
(for low densities the same DH limit as in the SP model is
found). The EK model then assumes an IPD of !I ¼
CEKze

2=ð4#"0rEKÞ, where CEK ) 1, and z is defined in
the same way as in the SP model. For highly ionized
systems the EK model predicts a far higher IPD than the
SP model, with an additional scaling of z1=3.
Despite its fundamental importance, experimental data

on the IPD within dense plasmas remain elusive. The few
attempts made to investigate this phenomenon rely on
spectroscopy, measuring continuum edge shifts, and

PRL 109, 065002 (2012)

Selected for a Viewpoint in Physics
PHY S I CA L R EV I EW LE T T E R S

week ending
10 AUGUST 2012

0031-9007=12=109(6)=065002(4) 065002-1 ! 2012 American Physical Society

 
 

Time-resolved pump-probe experiments at the 
LCLS 

James M. Glownia,1, 2,* J. Cryan,1,3 J. Andreasson,4 A. Belkacem,5 N. Berrah,6 C. I. 
Blaga,7 C. Bostedt,8 J. Bozek,8 L. F. DiMauro,7 L. Fang,6 J. Frisch,8 O. Gessner,5 M. 
Gühr, 1 J. Hajdu,4 M. P. Hertlein,10 M. Hoener,6, 10 G. Huang,10 O. Kornilov,5 J. P. 
Marangos,11 A. M. March,12 B. K. McFarland,1, 2 H. Merdji,1, 13 V. S. Petrovic,3 C. 

Raman,14 D. Ray,12, 15 D. A. Reis,1, 2 M. Trigo,1 J. L. White,2 W. White,8 R. Wilcox,10 L. 
Young,12 

 R. N. Coffee, 1, 8 and P. H. Bucksbaum,1, 2, 3 
1The PULSE Institute for Ultrafast Energy Science, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, 

Menlo Park, CA 94025 USA 
2Department of Applied Physics, Stanford University, Stanford, CA 94305 USA 

3Department of Physics, Stanford University, Stanford, CA 94305 USA 
4Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala University, Husargatan, 

SE-75124, Uppsala, Sweden 
5Ultrafast X-ray Science Laboratory, Chemical Sciences Division, Lawrence Berkeley National Laboratory, 

Berkeley, CA 94720 USA 
6Department of Physics, Western Michigan University, Kalamazoo, MI 49008 USA 

7The Ohio State University, Department of Physics, Columbus, OH 43210 USA 
8The Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, CA 94025 USA 

9Louisiana State University, Baton Rouge, LA 70803 USA 
10Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA 

11Blackett Laboratory, Imperial College London, London UK 
12Argonne National Laboratory, Argonne, IL 60439 USA 

13CEA-Saclay, IRAMIS, Service des Photons, Atomes et Molecules, 91191 Gif-sur-Yvette, France 
14School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 USA 

15Department of Physics, Kansas State University, Manhattan, KS 66506, USA 
*jglownia@slac.stanford.edu 
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the SLAC Linac Coherent Light Source (LCLS) used a combination of 
feedback methods and post-analysis binning techniques to synchronize an 
ultrafast optical laser to the linac-based x-ray laser. Transient molecular 
nitrogen alignment revival features were resolved in time-dependent x-ray-
induced fragmentation spectra. These alignment features were used to find 
the temporal overlap of the pump and probe pulses. The strong-field 
dissociation of x-ray generated quasi-bound molecular dications was used 
to establish the residual timing jitter. This analysis shows that the relative 
arrival time of the Ti:Sapphire laser and the x-ray pulses had a distribution 
with a standard deviation of approximately 120 fs. The largest contribution 
to the jitter noise spectrum was the locking of the laser oscillator to the 
reference RF of the accelerator, which suggests that simple technical 
improvements could reduce the jitter to better than 50 fs. 
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But	  our	  work	  is	  not	  done!	  
	  

There	  are	  many	  improvements	  to	  consider,	  
perhaps	  most	  glaringly	  of	  which	  is	  
improving	  longitudinal	  coherence	  
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The need to seed 

§  SASE	  is	  iniBated	  by	  electron	  beam	  shot	  noise	  
 è	  many	  longitudinal	  modes	  &	  normalized	  bandwidth	  Δω/ω ~ ρ	


§  Longitudinal	  coherence/spectral	  brightness	  can	  be	  improved	  by	  
seeding	  the	  FEL	  with	  a	  coherent	  signal	  at	  the	  wavelength	  of	  interest	  

§  MoBvaBon	  from	  experimental	  users	  may	  include	  

6	  

1.  Increase	  spectral	  brightness	  
	  	  	  	  	  	  	  	  	  Increase	  number	  of	  photons	  in	  a	  specified	  narrow	  bandwidth	  
	  	  	  	  	  	  	  	  	  Decrease	  noise	  signals	  due	  to	  nearby	  spectral	  components	  

2.  Produce	  temporally	  coherent	  x-‐rays	  

3.  Increase	  total	  number	  of	  photons	  by	  judicious	  tapering	  
	  	  	  	  	  	  	  	  	  Seeded	  field	  saturates	  more	  uniformly,	  and	  tapering	  the	  undulator	  
	  	  	  	  	  	  	  	  	  strength	  can	  more	  efficiently	  extract	  addiBonal	  energy	  from	  the	  e-‐beam	  
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Self-seeding 
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SASE	  FEL	  with	  
gain	  ~105	  	  	  	  

FEL	  amplifier	  to	  saturaBon	  
(gain ~104	  to	  106)	  

Electron	  bypass	  to	  
delay	  e-‐beam	  and	  

erase	  microbunching	  

Coherent	  
x-‐rays	  

Hard	  x-‐ray	  
monochromator	  

Self-‐seeding	  uses	  SASE	  +	  monochromator	  to	  
generate	  coherent	  seed	  

	  

E.L.	  Saldin,	  E.A.	  Schneidmiller,	  Yu.V.	  Shvyd’ko,	  and	  M.V.	  Yurkov,	  NIMA	  475,	  357	  (2001) 	  	  
Y.	  Ding,	  Z.	  Huang,	  and	  R.	  D.	  Ruth,	  Phys.	  	  Rev.	  ST	  Accel.	  Beams	  13,	  060703	  (2010)	  

G.	  Geloni,	  V.	  Kocharyan,	  and	  E.L.	  Saldin,	  J.	  Modern	  Op<cs	  58,	  1391	  (2011)	  
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Self-seeding 

8	  

SASE	  FEL	  with	  
gain	  ~105	  	  	  	  

FEL	  amplifier	  to	  saturaBon	  
(gain ~104	  to	  106)	  

Electron	  bypass	  chicane	  

Coherent	  
x-‐rays	  

Hard	  x-‐ray	  
monochromator	  

§  Power	  large	  enough	  so	  that	  monochromaBc	  
signal	  dominates	  the	  seeding	  of	  SASE	  by	  
electron	  beam	  shot	  noise	  

§  FEL-‐induced	  energy	  spread	  on	  beam	  must	  
remain	  small	  (well	  before	  nonlinear	  regime)	  
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Example	  uses	  LCLS-‐type	  parameters	  with	  
ρ	  =	  5×10-‐4	  and	  (Δω/ω)mono	  =	  2×10-‐5	  
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SASE	  FEL	  with	  
gain	  ~105	  	  	  	  

FEL	  amplifier	  to	  saturaBon	  
(gain ~104	  to	  106)	  

Electron	  bypass	  chicane	  

Coherent	  
x-‐rays	  

Hard	  x-‐ray	  
monochromator	  
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Example	  uses	  LCLS-‐type	  parameters	  with	  
ρ	  =	  5×10-‐4	  and	  (Δω/ω)mono	  =	  2×10-‐5	  

§  Monochromator	  selects	  narrow	  bandwidth	  
seed	  whose	  energy	  fluctuates	  by ~100%	  

§  Electron	  beam	  is	  delayed	  to	  overlap	  and	  
amplify	  radiaBon	  in	  downstream	  undulator	  

§  Chicane	  erases	  microbunching	  of	  SASE	  
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SASE	  FEL	  with	  
gain	  ~105	  	  	  	  

FEL	  amplifier	  to	  saturaBon	  
(gain ~104	  to	  106)	  

Electron	  bypass	  chicane	  

Coherent	  
x-‐rays	  

Hard	  x-‐ray	  
monochromator	  
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§  IniBal ~100%	  fluctuaBons	  of	  seed	  are	  
reduced	  to ~20%	  at	  saturaBon	  

§  AddiBonal	  energy	  can	  be	  efficiently	  
extracted	  by	  tapering	  the	  undulator	  
strength	  ater	  saturaBon	  
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of short x-ray pulses 
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Produces	  seed	  using	  Bme	  dependence	  
of	  forward	  Bragg	  diffracBon	  from	  a	  

single	  crystal,	  i.e.,	  Bme	  response	  of	  the	  
crystal	  transmission	  funcBon	  

†	  G.	  Geloni,	  V.	  Kocharyan,	  and	  E.L.	  Saldin,	  J.	  Modern	  Op<cs	  58,	  1391	  (2011)	  

Single	  crystal	  wake	  mono	  

~3-‐4	  m	  chicane	  washes	  out	  
microbunching	  and	  delays	  
electrons	  requires	  tens	  of	  fs	  

Reflected	  spectral	  
components	  near	  

Bragg’s	  law	   Transmixed	  
signal	  
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†	  G.	  Geloni,	  V.	  Kocharyan,	  and	  E.L.	  Saldin,	  J.	  Modern	  Op<cs	  58,	  1391	  (2011)	  
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FIG. 5: (a) Illustration of the coupled forward and reflected modes in the crystal. As explained in the text, a forward
scattered ray is displaced ∆x = D sin 2θ laterally while delayed by the time τ = D(1 − cos 2θ)/c; eliminating D, we find that
∆x = cτ cot θ. (b) Spatiotemporal dependence of the electric field magnitude in forward Bragg diffraction. We chose the
(004) reflection from a 0.1-mm-thick diamond crystal at an incidence angle θ = 56.86◦ (λ0 = 1.5 Å), while the incident pulse
has an rms width σx = 10 µm. The temporal dependence can be compared with that plotted in Fig. 4(c), while the lateral
displacement ∆xo = cτ cot θ is emphasized by the cyan arrow.

tical axis by a small amount ∼ 5 µm, while the second
maxima is shifted by an amount ∼ 13 µm, which is of
the order of the rms width.

II. MONOCHROMATIC POWER FOR FEL
SELF-SEEDING

We have seen that Bragg forward scattering gives rise
to a sequence of delayed power maxima from temporally
short incident radiation. Reference [7] proposed using
the first trailing maximum to seed an FEL at hard x-ray
wavelengths: an initially short SASE pulse generates the
radiation “wake” depicted in Fig. 5(b) that is then used
to coherently seed the FEL interaction in downstream
undulators. In the preceding discussion, we computed
the spatiotemporal field profile generated by an initially
short and coherent incident pulse; since SASE is tempo-
rally incoherent (chaotic light), however, some additional
considerations are necessary to determine the relevant ra-
diation seed power.

The longitudinal structure of SASE can be well mod-
eled as a sum of Gaussian modes that have random tem-
poral positions and phases. For M longitudinal modes,
we approximate the SASE field as

Einc(t) = U(t)
M�

j=1

�j√
4πστ

e−c2(t−tj)
2/4σ2

τ , (36)

where U(t) is the total envelope of the field determined
by the electron beam current and FEL gain, tj are a
random set of times, and �j are a set of random complex

amplitudes such that M�|�j |2�/στ is proportional to the
ensemble-averaged SASE energy. The temporal width στ

is dictated by the FEL physics while the number of modes
M is determined by στ and the characteristic length of
the envelope U(t) that we denote Lpulse. Assuming that
στ is sufficiently short, the incident pulse (36) generates
a trailing electromagnetic field that is merely a sum of
M wakes discussed previously, with each one beginning
at the time tj and having the relative complex amplitude
given by �j .
First, we consider the case when the duration of the

incident SASE length Lpulse is much shorter than the
characteristic time-scale of the trailing wake, which is the
typical situation for self-seeding of few-fs pulses. In this
case, the M Bragg forward-diffracted beams generated
by (36) have the same temporal shape, but differ with
random phases and amplitudes. The ensemble-averaged
total power in the trailing pulse scales as M times the
average power in an individual wake. If we consider the
power maxima of (33), the ratio of the ensemble-averaged
power in the first trailing seed to that in the SASE is

Pmax
seed

Ppulse
= 4πσ2

τM

�
π2d

Λ2 sin θ

J1(J1)

J1

�2
, (37)

where again J1 is the position of the first maxima of
|J1(y)/y| with y > 0. The temporal width of each mode
and number of modes is dictated by the FEL process,
and as such will depend on the electron beam quality
and profile. In order to get an approximate expression,
we use the analytic results that are available for a long
electron beam with zero initial energy spread [3, 27]. In
this case, the rms width of a SASE mode is related to the

∆x = cτ cot θ

Delayed	  seeding	  field	  is	  also	  transversely	  displaced	  
according	  to	  Δx = cτ cotθ	
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It	  was	  chosen	  to	  replace	  Undulator	  16	  with	  the	  monochromator	  system:	  
4-‐dipole	  chicane	  and	  the	  x-‐ray	  wake	  monochromator	  including	  

diamond	  crystal	  in	  Bragg	  transmission	  
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Quad	  

Undulator	  
girder	  

BPM	  

†	  Amman,	  Shultz,	  Trakhtenberg	  
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Bragg	  diagnosBc	  camera	  Chicane	  magnets	  

HXRSS	  rat	  

Monochromator	  
vessel	  

†	  Amman,	  Shultz,	  Trakhtenberg	  
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Standard LCLS undulator (of 33 total) 
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Undulator	  girder	  

Mu-‐metal	  undulator	  shield	  Quad	  

16	  
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Monochromator and chicane @ Undulator 16 
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Bragg	  
diagnosBc	  Chicane	  magnets	  

Monochromator	  vessel	  
Sliding	  chicane	  rat	  
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†	  D.	  Shu	  
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†	  V.	  Blank	  and	  
	  	  	  S.	  TerenBev	  

Diamond	  crystal	  

Graphite	  holder	  
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Diamond holder and positioning system 
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Graphite	  holder	  

Diamond	  crystal	  

Linear	  stage	  

†	  D.	  Shu	  
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Rotary	  stage	  

Tip/Blt	  stage	  

†	  D.	  Shu	  

Full	  control	  over	  posiBon	  (x, y)	  
and	  yaw,	  pitch,	  &	  Bragg	  angle	  
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Bragg reflection diagnostic 
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YAG	  screen	  

Camera	  

YAG	  

†	  B.	  Berg	  As	  suggested	  in	  G.	  Geloni,	  V.	  Kocharyan	  ,and	  E.L.	  Saldin,	  DESY	  10-‐133,	  arXiv:1008.3036	  (2010)	  
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Bragg	  reflected	  
x-‐ray	  beam	  
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Bragg	  reflected	  
x-‐ray	  beam	  

zoomed	  
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Bragg	  reflected	  
x-‐ray	  beam	  

zoomed	  

•  Bragg	  reflected	  signal	  of	  
spectral	  components	  in	  
the	  transmission	  “notch”	  
	  

•  FluctuaBons	  are	  100%	  
	  	  	  	  	  	  	  (single	  spectral	  mode	  
	  	  	  	  	  	  	  	  	  before	  saturaBon)	  

•  Of	  limited	  use	  for	  other	  
(asymmetric	  or	  Laue)	  
crystal	  reflecBons	  
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First indications of seeding from averaged spectra 

32	  

Seeded	  beam:	  	  
the	  angular	  posiBon	  

matches	  that	  of	  theory	  

Bragg	  angle	  =	  56.18°	  

Bragg	  angle	  =	  56.28°	  

Averaged	  SASE	  background	  

Bragg	  angle	  =	  56.48°	  

†	  Y.	  Feng	  
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Slow improvements in power of seeded signal 

33	  

ħΔω = 0.45	  eV	  
(Δω/ω ≈ 5x10–5)	  

†	  Y.	  Feng	  

Crystal	  out	  (SASE)	   Crystal	  in	  (seeded)	  

FWHM	  ~20	  eV	  (0.2%)	   FWHM	  ~0	  .5eV	  (0.005%)	  
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†	  Y.	  Feng	  

Crystal	  out	  (SASE)	   Crystal	  in	  (seeded)	  
FWHM	  ~20	  eV	  (0.2%)	  

FWHM	  ~0	  .45eV	  (0.005%)	  
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Slow improvements in power of seeded signal 
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†	  Y.	  Feng	  

Crystal	  out	  (SASE)	   Crystal	  in	  (seeded)	  
FWHM	  ~20	  eV	  (0.2%)	  

FWHM	  ~0	  .45eV	  (0.005%)	  
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Slow improvements in power and stability 
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Crystal	  out	  (SASE)	   Crystal	  in	  (seeded)	  
FWHM	  ~20	  eV	  (0.2%)	  

FWHM	  ~0	  .45eV	  (0.005%)	  

Convert	  final	  4	  Second	  Harmonic	  Ater-‐Burner	  
(SHAB)	  Undulators	  back	  to	  fundamental	  

è	  16	  total	  amplifying	  undulators	  

Vary	  the	  electron	  charge	  

Try	  seeding	  with	  different	  diamond	  crystal	  
reflecBon	  planes	  

Accelerator	  tuning	  	  
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Delay scan of seeding “wake” 

Measure	  the	  seeded	  output	  as	  a	  
funcBon	  of	  the	  chicane	  Bme	  delay	  
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Delay scan of seeding “wake” 
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Measure	  the	  seeded	  output	  as	  a	  
funcBon	  of	  the	  chicane	  Bme	  delay	  

Fit	  measurement	  to	  the	  predicted	  
wake	  dependence	  using	  the	  
dynamical	  theory	  of	  x-‐ray	  diffracBon	  
assuming:†	  

†	  A.	  Zholents	  

The	  Bme	  delay	  
C(004)	  reflecBon	  
properBes	  at	  56.53°	  

KNOWN:	  

Crystal	  thickness	  d 
SASE	  pulse	  profile	  
	  

FREE	  PARAMETERS:	  

P ∝




J1(

�
2πctd/Λ2 sin2 θ)

�
2πctd/Λ2 sin2 θ





2
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Delay scan of seeding “wake” 

Pulse	  shape	   d	  (μm)	   TFWHM	  (fs)	  

Flat-‐top	   104	   5.5	  

Gaussian	   104	   3.5	  

Parabolic	   104	   4.9	  
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Measure	  the	  seeded	  output	  as	  a	  
funcBon	  of	  the	  chicane	  Bme	  delay	  

Best	  fit	  rather	  insensiBve	  to	  beam	  
shape;	  predicts	  crystal	  thickness	  
equal	  to	  104	  microns	  and	  the	  	  
SASE	  FWHM	  to	  be	  3.5-‐5.5	  fs	  

Fit	  measurement	  to	  the	  predicted	  
wake	  dependence	  using	  the	  
dynamical	  theory	  of	  x-‐ray	  diffracBon	  
assuming:†	  

†	  A.	  Zholents	  

The	  Bme	  delay	  
C(004)	  reflecBon	  
properBes	  at	  56.53°	  

KNOWN:	  

Crystal	  thickness	  d 
SASE	  pulse	  profile	  
	  

FREE	  PARAMETERS:	  

P ∝




J1(

�
2πctd/Λ2 sin2 θ)

�
2πctd/Λ2 sin2 θ





2
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Delay scan of seeding “wake” 

Pulse	  shape	   d	  (μm)	   TFWHM	  (fs)	  

Flat-‐top	   104	   5.5	  

Gaussian	   104	   3.5	  

Parabolic	   104	   4.9	  
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Measure	  the	  seeded	  output	  as	  a	  
funcBon	  of	  the	  chicane	  Bme	  delay	  

Fit	  measurement	  to	  the	  predicted	  
wake	  dependence	  using	  the	  
dynamical	  theory	  of	  x-‐ray	  diffracBon	  
assuming:†	  

†	  A.	  Zholents	  

The	  Bme	  delay	  
C(004)	  reflecBon	  
properBes	  at	  56.53°	  

KNOWN:	  

Crystal	  thickness	  d 
SASE	  pulse	  profile	  
	  

FREE	  PARAMETERS:	  

P ∝




J1(

�
2πctd/Λ2 sin2 θ)

�
2πctd/Λ2 sin2 θ





2

Agrees	  with	  measurements	  
made	  at	  TISCNM	  

Consistent	  with	  other	  measurements	  
(SASE	  correlaBon,	  e-‐beam	  length)	  

Best	  fit	  rather	  insensiBve	  to	  beam	  
shape;	  predicts	  crystal	  thickness	  
equal	  to	  104	  microns	  and	  the	  	  
SASE	  FWHM	  to	  be	  3.5-‐5.5	  fs	  
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FEL spectra at 40 pC 
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†	  A.	  Lutman	  
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Single	  shot	  spectrum	   Average	  spectrum	  

27.5	  eV	  
FWHM	  

1.06	  eV	  
FWHM	  

0.46	  eV	  
FWHM	  

Single	  shot	  bandwidth	  reducBon	  by	  a	  factor	  ~	  50	  
Averaged	  bandwidth	  reducBon	  ~	  25	  to	  50	  depending	  on	  crystal	  reflecBon	  

(different	  acceptances	  leads	  to	  different	  tolerances	  to	  fluctuaBons)	  
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LG = 5.82± 0.26 m

Using	  SASE	  produced	  by	  upstream	  Undulators	  1-‐15	  IN	  (None	  OUT)	  
plot	  power	  in	  downstream	  Undulators	  17-‐33	  

	  

†	  D.	  Ratner	  
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P (z) ∝ e5.7 exp
� z

5.4 m

�

LG = 5.38± 0.25 m

P (z) ∝ e6.4 exp
� z

5.8 m

�

Using	  SASE	  produced	  by	  upstream	  Undulators	  2-‐15	  IN	  (One	  OUT)	  
plot	  power	  in	  downstream	  Undulators	  17-‐33	  

	  

†	  D.	  Ratner	  
Distance	  ater	  mono	  @	  U16	  (m)	  
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4.1 m
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LG = 4.05± 0.07 m

P (z) ∝ e6.4 exp
� z
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P (z) ∝ e5.7 exp
� z

5.4 m
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Using	  SASE	  produced	  by	  upstream	  Undulators	  3-‐15	  IN	  (Two	  OUT)	  
plot	  power	  in	  downstream	  Undulators	  17-‐33	  

	  

†	  D.	  Ratner	  
Distance	  ater	  mono	  @	  U16	  (m)	  
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Ideally,	  one	  would	  like	  the	  SASE	  seeding	  undulator	  secBon	  to	  
be	  ~14	  gain	  lengths	  long	  to	  produce	  sufficient	  seeding	  power	  

with	  minimal	  increase	  in	  energy	  spread	  
	  

OpBmal	  posiBon	  of	  
monochromator	  probably	  
at	  Undulator	  14	  or	  15	  
(depends	  on	  machine	  
condiBons,	  tuning)	  
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Nonlinear	  
saturaBon	  

Ideally,	  one	  would	  like	  the	  SASE	  seeding	  undulator	  secBon	  to	  
be	  ~14	  gain	  lengths	  long	  to	  produce	  sufficient	  seeding	  power	  

with	  minimal	  increase	  in	  energy	  spread	  
	  

OpBmal	  posiBon	  of	  
monochromator	  probably	  
at	  Undulator	  14	  or	  15	  
(depends	  on	  machine	  
condiBons,	  tuning)	  

	  

Distance	  ater	  mono	  @	  U16	  (m)	  
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“Soft” saturation with some evidence for 
oscillations in the power 

§  Synchrotron	  oscillaBons?	  
§  Non-‐uniform	  amplificaBon	  

across	  the	  bunch?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(i.e.,	  the	  “current	  horns”)?	  

§  Other	  variaBons/
fluctuaBons?	  

§  What	  does	  this	  mean	  for	  	  
post	  saturaBon	  taper?	  
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Energy in the seeded output 

In	  addiBon	  to	  the	  usual	  requirements	  for	  SASE	  	  
(small	  emixance	  &	  energy	  spread,	  large	  peak	  current)	  	  

stable	  seeding	  requires	  precise	  control	  over	  
the	  longitudinal	  e-‐beam	  phase	  space	  
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Energy in the seeded output 

Jixer	  in	  mean	  e-‐beam	  energy	  maps	  onto	  variaBons	  in	  gain	  
of	  seeded	  signal	  and	  thus	  in	  output	  photon	  number	  

49	  

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

-0.001 -0.0005  0  0.0005  0.001  0.0015

0.8	  

0.6	  

0.4	  

0.2	  

0.0	  –0.1	  	  	  	  	  –0.05	  	  	  	  	  	  	  	  	  0.0	  	  	  	  	  	  	  	  0.05	  	  	  	  	  	  	  	  	  0.1	  	  	  	  	  	  	  0.15	  
Δγ/γ	  (%)	  

Ga
s	  d

et
ec
to
r	  (
a.
u.
,	  ~

	  #
	  p
ho

to
ns
)	  

†	  J.	  Welch,	  F.-‐J.	  Decker	  

Peak	  energy	  
of	  ~300	  μJ	  
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Energy in the seeded output 
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Electron	  beam	  energy	  jixer	  results	  
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Fluctuations and spectral brightness for two 
diamond crystal reflections 
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FluctuaBons	  reduce	  ensemble	  averaged	  seeded	  spectral	  
brightness	  by	  a	  factor	  	  ≥	  18	  from	  its	  peak	  value	  

BUT,	  seeded	  spectral	  brightness	  sBll	  larger	  than	  SASE	  
Depends	  on	  accelerator	  condiBons,	  tuning	   †	  A.	  Lutman	  
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Conclusions 

§  The	  wake	  monochromator	  concept	  can	  be	  experimentally	  realized	  
§  Hard	  x-‐ray	  self-‐seeding	  has	  been	  implemented	  at	  the	  LCLS	  with	  a	  

measured	  output	  bandwidth	  Δω/ω	  ~	  5x10-‐5	  at	  1.5	  Å	  
§  Clear	  signs	  of	  seeded	  saturaBon	  have	  been	  observed	  
§  FluctuaBons	  in	  output	  sBll	  somewhat	  high	  

§  Nevertheless,	  seeding	  improves	  (ensemble	  averaged)	  spectral	  
brightness	  within	  narrow	  seeded	  bandwidth	  

§  Seeded	  mode	  available	  for	  user	  operaBons	  (J.	  Welch’s	  talk	  today)	  
§  First	  step	  towards	  a	  terawax	  FEL	  
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Most	  are	  axributable	  to	  the	  	  “large”	  e-‐beam	  energy	  jixer	  
(Δγ/γ ~ 4	  x	  10–4),	  but	  are	  there	  other	  sources?	  

	  

Next	  step	  requires	  experimentally	  opBmizing	  the	  predicted	  
benefits	  of	  a	  post-‐saturaBon	  tapering	  of	  the	  undulator	  strength	  
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Time domain picture of self-seeding “wake” 
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FIG. 4: (a) Time dependence of the Bragg forward diffraction intensity for a crystal thickness that is 5 and 10 extinction
lengths. The position of first intensity maximum scales as 1/d while its peak power ∝ (d/ sin θ)2. Note that in both cases there
are several transmission maxima over a time interval for which Fig. 3(a) shows only one single reflection peak. (b) Illustration
of the coupled forward and reflected modes for in Bragg diffraction. The crystal surfaces are shown as dotted lines with unit
slope. The initial pulse excites a reflected wave (blue arrows) that propagates along the ζ characteristic, which in turn excites
forward scattered waves (dotted red arrows) that move along ξ. The first transmission maximum is determined by the coupling
area shaded green, meaning that the time delay of the first maximum scales inversely with d. (c) Time dependence of Bragg
forward diffraction intensity, plotted as a function of t/ sin θ for the (004) reflection in diamond with d = 0.15 mm. The power
maxima line up on the normalized t/ sin θ scale, with the peak scaling as (d/ sin θ)2. The central wavelength λ0 ≈ (1.79 Å) sin θ.

incidence angles θ � 1, and when satisfied result in a sta-

tionary point that is identical to that of Bragg reflection

(24): x�
s = (xo − cτ cot θ)/ sin θ. Thus, the transmitted

field amplitude is

E0

��
P
= − dπ2

Λ2 sin θ
eiχ0k0(d+cτ/ sin θ)/2 sin θ

× exp

�
− 1

4σ2
x

�
(xo − cτ cot θ)2

��

×
J1

�
π
�

cτ(2d/ sin θ + cτ/ sin2 θ)/Λ

�

π
�

cτ(2d/ sin θ + cτ/ sin2 θ)/Λ
.

(33)

From (33), we see that the longitudinal time profile is

nearly the same as that for exact backscattering (31)

with d → d/ sin θ [this identification is exact for delays

τ � (d/c) sin θ if assume that the Rayleigh range is suffi-

ciently long]. Additionally, we recall that the extinction

length Λ is nearly independent of θ, so that the temporal

envelope ∼ J1(y)/y can be obtained from that evaluated

at θ = π/2 Eq. (31) by replacing τ → τ/ sin θ. Thus, the
maxima at arbitrary θ can be written in terms of those

at θ = π/2 Eq. (32) via

τmax
n (θ) = τmax

n (π/2) sin θ (34)

with, when d � JnΛ/π,

τmax
n (π/2) =

J 2
n

2π2

Λ
2

cd
. (35)

We show in Fig. 4(c) the time response of Bragg for-

ward diffraction at three different incidence angles from

the (004) Bragg reflection in diamond. The crystal thick-

ness has been fixed at d = 0.15 mm, and we plot the

power profiles as a function of t/ sin θ. The position of

the intensity maxima is invariant on the normalized time

scale, while the power scales as (d/ sin θ)2.

The temporal profile is modified as indicated in (34),

while (33) also shows that the transverse envelope is

translated from the optical axis at xo = 0 by the amount

cτ cot θ. This shift can be related to the distance along

x0 that the reflected wave travels during the time τ . We

show this geometrically in Fig. 5(a): much like how the

delay arises because of the induced Bragg scattering in

the crystal, the representative rays are now directed along

both z and x, so that as energy oscillates between waves

the field is displaced in xo. Here, the relevant shift can be

found by comparing the times τ and transverse coordi-

nates xo after the rays propagate along the characteristics

some fixed distance. From Fig. 5(a), we see that while the

incident ray propagates a distance D, the reflected wave

is displaced in time by an amount cτ = D − D cos 2θ
and transversely by xo = D sin 2θ. Taking the ratio, we

find that corresponding to a time delay τ , we have the

displacement xo = cτ sin 2θ/(1− cos 2θ) = cτ cot θ.

We show the spatiotemporal profile of a Bragg forward

scattered pulse from the C(004) crystal at θ = 56.86◦ in

Fig. 5(b). We assume a temporally short input pulse

with rms transverse width σx = 10 µm. Again, we plot

the magnitude |E0| to more clearly show all the trailing

pulses, and we scale the amplitude so that the first de-

layed maxima has unit magnitude. The temporal pro-

file closely mirrors that shown of the same crystal in

Fig. 4(c), while each subsequent pulse is more distantly

displaced from the optical axis xo = 0. The cyan line is

drawn along the theoretically predicted line xo = cτ cot θ,
which closely predicts the transverse displacement. In

this case, the first trailing pulse is displaced from the op-

ct – z/sinθ 

ct + z/sinθ 

PosiBon	  of	  first	  peak	  
proporBonal	  to	  	  
InteracHon	  area:	  	  
Δt d/sinθ =	  constant	  

è Bme	  delay	  scales	  inversely	  
with	  crystal	  thickness	  

	  
	  

Seed	  amplitude	  scales	  with	  
InteracHon	  length	  

è	  Peak	  power	  scales	  
quadraBcally	  with	  	  	  	  	  	  	  	  	  	  
crystal	  thickness	  

Entrance	  surface	  
of	  crystal	  

Exit	  surface	  
of	  crystal	  

CharacterisBc	  coordinate	  
of	  transmixed	  field	  

CharacterisBc	  coordinate	  
of	  reflected	  field	  

†	  R.R.	  Lindberg	  and	  Yu.	  Shvyd’ko,	  Phys.	  Rev.	  ST-‐Accel.	  Beams	  15,	  050706	  (2012)	  
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Bragg crystals in transmission for “wake” self-seeding 

§  RadiaBon	  has	  	  

§  Seeding	  “wake”	  is	  determined	  by	  the	  
difference	  T(E) – T(∞) 

§  Relevant	  spectral	  components	  interact	  
over	  enBre	  crystal	  thickness	  
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