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Free electron lasers open up new frontiers in X-ray 
science 

Unique properties 

Ultrashort pulses
(20 - 200 fs)

Intense pulses
(1012 - 1013 photons/pulse)

X-ray radiation
(50eV - 12keV)
(32nm - 1Å)

High peak power
(200 !J/pulse to 4 mJ/pulse in 25 fs)

Coherence
(‘Monochromatic’, 
transverse coherence)

Repetition rate: 120 Hz (LCLS)
       27 kHz (XFEL)

Unique capabilities 

- Beating radiation damage
- Freeze atomic motion
- Freeze electron states

- Single-shot studies
(Variation in behaviour, not 
just the average)

- Penetrating power
- Spatial resolution
- Inner shell atomic physics

- New regimes in X-ray 
matter interaction

- X-ray diffraction 
(Coherent imaging, XPCS)

- Diffraction limited focus

Repeat experiment millions 
of times

Unique applications

- Biological imaging
(beating radiation damage)

- Ultrafast structural studies 
(where are the atoms?)

- Ultrafast dynamics 
(sub-ps density changes)

- Femtochemistry 
(valence electrons)

- Magnetism 
(electron spin)

- Ideal probe for:
- Biomolecules
- Electron dynamics
- Molecular physics
- Materials dynamics
- Melting and recrystal.
- Nucleation
- Shocked materials
- Solid state physics
- 



Animation courtesy of Sébastien Boutet, 
CXI instrument scientist, SLAC

“Diffraction before destruction” imaging introduces 
a new sample into the beam on each FEL pulse 
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Images are synthesized from the Fourier 
amplitudes

LCLS_2010_Jun26_r0117_194259_49713_pnCCD

Latex spheres ? (run was soot + PSL)

290 nm
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Phase retrieval can be accomplished with iterative 
transform algorithms

Object 
function, g

Impose measured 
diffraction amplitude, 

Keep phase

New object 
function, g’

Impose support constraint;
Impose positivity

FT FT-1

Set of all objects 
that have 
measured 
diffraction 
amplitudes

Set of all 
objects that 

obey support 
constraint

Initial g
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Coherent X-ray diffraction data ! =1.6 nm, from a sample of 50-
nm gold spheres arranged on a pyramid on a synchrotron

Complete image reconstruction achieved, without any prior 
knowledge, using our “shrinkwrap” algorithm, parallelized for 
3D on 32-CPU cluster.  Resolution = 10 nm

Coherent X-ray diffraction data, 
rotating the sample -70 to +70 
degrees (5"108 data points)

1 micronH. Chapman, et al., JOSA A 23 1169 (2006)

We have reconstructed a 3D X-ray image of a non-
crystalline object at 10 nm resolution
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Space-grown Insulin crystals
NASA



The weak X-ray scattering cross section 
requires amplification from the crystal

signal is proportional to the number of unit cells
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High radiation dose causes changes in 
molecular structure 

Tolerable dose in cryogenically-
cooled crystals is 30 MGy

1 Gy = 1 J/kg

30 MGy  ! 0.3 eV / Da
 ! 0.02 eV / atom

(about one ionization per 
 20 amino-acid residues)

 ! 6 ⨉ 1010 ph/µm2

Elspeth Garman, U. Oxford
micrograph of crystal after exposing to x-rays 
and warming up



X-ray free-electron lasers may enable atomic-
resolution imaging of biological macromolecules

50 fs2 fs 5 fs 10 fs 20 fs

R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406 (2000)



X-ray FELs are a billion times brighter than 
synchrotrons

~ 30 fs

~ 30 ps, 106 photons

1012 photonsFEL

Synchrotron

50 GW peak power

50 W peak power

photon 
flux

time



Atomic-resolution diffraction from single 
particles should be possible with 1014 ph/μm2

Laser polarisation (E)

28 nm

3 Å resolution



X-ray free-electron lasers may enable atomic-
resolution imaging of biological macromolecules

Combine 105-107 measurements

Classification Averaging Orientation Reconstruction

Noisy diffraction pattern

XFEL pulse

Particle injection

One pulse, one measurement

G. Huldt et al, J. Struct. Biol 144 (2003) J. Miao, Hodgson, Sayre, PNAS 98 (2001)

R. Neutze et al, Nature 406 (2000)
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FLASH (the FEL in Hamburg)
Opened for users in 2005



First EUV-FEL experiments show that pulses are indeed 
destructive

Si/C multilayer

!

40 micron

Nomarski micrograph of crater

Plasma forms, 
layers ablate

After the pulse

Electron temperature 
reaches 28 eV
(300,000 K)



First EUV-FEL experiments show that structural 
information can be obtained before destruction

Reflectivity unchanged
Multilayer d spacing not changed by more than 0.3 nm

30 fs pulse reflectivity at 
32 nm wavelength, 1014 W/cm2

4

50
Angle of incidence ! (degrees)

increasing
fluence3

2
R

ef
le

ct
an

ce
 (%

)

1

0
35 40 45

16 %

100 %
Low-fluence

Si/C multilayer

!



Our diffraction camera can measure forward 
scattering close to the direct soft-X-ray FEL 

Multilayer reflectivity is uniform across the 
30° to 60° gradient 

“Soft edge” prevents any 
scatter from the hole  ~5x1012 photons/

pulse @ 100 eV



“Diffraction before destruction” was demonstrated 
with soft X-rays at DESY’s FLASH FEL

1 micron

Chapman et al, Nature Physics 2 839 (2006)



“Diffraction before destruction” was demonstrated 
with soft X-rays at DESY’s FLASH FEL



We perform ab initio image reconstruction 
with our “Shrinkwrap” algorithm

qx (1/µm) 0 2 4 6 8

0 5 10 15!x (deg)

S. Marchesini et al. Phys Rev B 68 140101 (2003) 
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We model the response of matter illuminated 
by intense X-ray pulses as a hot plasma
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Hydrodynamic continuum model for the 
atomic motion and the ionization 
processes:

•  Allows for trapping and secondary 
effects (such as inverse 
Bremsstralung, 3-body 
recombination)

•  Damage is dominated by ionization 
at short timesS. Hau-Riege et al, Phys Rev E  69, 051906 (2004)



We model the response of matter illuminated 
by intense X-ray pulses as a hot plasma
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atomic motion and the ionization 
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•  Allows for trapping and secondary 
effects (such as inverse 
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electron escapes if

XFEL diffraction of molecules and clusters is modified 
(damaged) by photoionization and motion of atoms

charged layer

neutralized
hot core

e-

e-

0.5

1.0

 

R
/R

0

ionization ionization + motion

S. Hau-Riege et al, Phys Rev E  69, 051906 (2004)



Our VUV hydrodynamic code shows that latex 
spheres start exploding in ~ 2 ps

! = 32 nm, 
1014 J/cm2

800 fs 2.3 ps130 fs26 fs

Density
(g/cm3)

Electron 
temperature (eV)

Ion temperature (eV)

S. Hau-Riege et al, Phys Rev E 76 046403 (2007)



We invented a new method called 
femtosecond time-delay holography 

Time delay 2 l / c 

Prompt diffraction

Delayed diffraction

30 fs pulse
(9 µm long)

reference
object

H. Chapman et al., Nature 448 676 (2007)



First demonstration of time-delay holography with 
3!fs time resolution indicates the particle explosion

Single shot ultrafast time-delay X-ray hologram, 
with 300 fs delay 

The “dusty mirror” experiment



The explosion is in good agreement with our 
hydrodynamic model

 The structure factor narrows, showing the particle exploding
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We interferometrically measure the change in optical 
density of the particle at short delays

reference

Object, phase change of 
# Fitting the ring 

radii gives l and 
#
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We expect that the tamper reduces the 
explosion of the particle

!"#$

%&&"'$"()*+

0 ps 1 ps 5 ps 10 ps

0 3.7 g/cm3density:

time

Al core

Si layer



The tamper reduces the explosion
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Single-particle FEL diffraction of “on-the-fly” 
particles has been demonstrated for the first 

FEL Pulse train: 
140 pulses
10 fs duration
10 µs spacing
~20 µJ/pulse 
13.5 nm or 7.0 nm wavelength

Particle velocity:
100 m/s = 1 mm/10 µs
(c.f. 20 µm beam)

Multilayer mirror 

Particle injector 

TOF mass 
spectrometer 

Single particle diffraction pattern 
(one hit + 699 no-hits)

10 µs spacing

1 2 3 4 5 6 1391407 8 9 10 11

M.J. Bogan et al., Nano Letters 8, 310 (2008)

Mass spectrum 
recorded every pulse in 
the train



The absence of a substrate gives clean patterns free 
of aliased scattering sources and plasma radiation
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We have performed the first X-ray imaging 
of free-falling unstained live biological cells

Single shot ~10 fs diffraction pattern of a picoplankton organism.  
! =13.5 nm
This cell was injected into vacuum from solution, and shot through the beam at 100 m/s
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1 micron

Image reconstructed using Shrinkwrap by Sebastien 
Boutet (SLAC)

J. Hajdu, I. Andersson, M. Svenda, M. Seibert (Uppsala), S. Boutet (SLAC)
M. Bogan, H. Benner, U. Rohner, H. Chapman (LLNL)



We performed ultrafast coherent X-ray 
diffraction to study ablation of materials

With Klaus Sokolowski-Tinten (Essen) and Andrea Cavalleri (Oxford)A. Barty et al., Nature Photonics 2 415 (2008)
39

-5 ps 10 ps 15 ps



Patterns can be cross-correlated to reveal the 
dynamics of the structure

(a) -5ps (b) 10ps

(c) 15ps (d) 20ps

(e) 40ps (f ) 140ps

-15 -10 -5 0 5 10 15

q (1/ m)

Laser polaris ation ( E)

I �(q) = I(q) − �I(q)�

3

(a) -5ps (b) 10ps

(c) 15ps (d) 20ps

(e) 40ps (f ) 140ps

-15 -10 -5 0 5 10 15

q (1/ m)

Laser polaris ation ( E)

FIG. 2: Sample evolution revealed by coherent X-ray
diffraction: Measured single-shot diffraction patterns at (a)
-5 ps, corresponding to the object just before the laser excita-
tion pulse; and diffraction patterns from the same object at 10
ps, 15 ps, 20 ps, 40 ps, and 140 ps after the laser pulse (b-f).
Gradual degradation of the nanofabricated is visible by the
loss of high spatial frequency information in the diffraction
patterns. The pump laser is p-polarised with the electric field
vector oriented vertically with respect to these images.

in mesoscale order. Known as X-ray Photon Correla-

tion Spectroscopy (XPCS)[18, 19], a range of applica-

tions for this technique using FEL sources have recently

been proposed [20, 21]. Here, XPCS correlation func-

tions comparing the diffraction pattern at t = 0 with

subsequent diffraction patterns, Fig 3, reveal the pro-

gressive disintegration and loss of mesoscale order in this

sample as a function of time. Taking the point at which

G(q) first approaches zero, arrows in Fig 3, as the length

scale over which the sample has disintegrated we observe
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200 nm

FIG. 3: Correlation between diffraction patterns
quantify the loss of mesoscale order: Resolution depen-
dent photon correlation spectra between the delayed diffrac-
tion patterns with original object, showing the progressive
loss of mesoscale order in the film structure information as
a function of time. Arrows indicate the largest linewidth at
which the correlation function first approaches zero, quanti-
tatively estimating the length scale over which order is lost in
the sample.

the speed of the explosion initially propagating at be-

tween 5000-6000 m/s during the first 20 ps, slowing to

1000-2000 m/s by t = 140 ps as the resultant plasma

expands and cools. Initial expansion speed is consistent

with the speed of sound a heated membrane, calculated

to be 4000-6000m/s (see methods).

Applying phase retrieval techniques to the measured

diffraction patterns yields images of the sample at each

time step, enabling us to quantitatively visualise the

structural degradation as a function of time. Each time

slice consists of an X-ray diffraction pattern acquired us-

ing the FEL probe pulse, Fig 2, to which iterative phase

retrieval techniques [14, 22] have been applied to obtain

a real-space image of the object, Fig 4 (further details

in methods). The images in Fig 4 confirm that the ob-

ject has changed little in the first 10 ps, with the edges

of the etched structure appearing only slightly blurred.

However, by 15 ps disintegration of the structure itself is

clearly visible and only a portion of the pattern is recog-

nisable.

Consider in particular the isolated pinhole structure

shown in Fig. 4. The membrane was irradiated with 12.5

ps pulses at approximately 3 J/cm
2
, a fluence well above

the threshold for ablation in a free standing film. Un-

der the influence of the pump laser, surfaces will expand

near the speed of sound. Given that both the lines and

reference dot were manufactured to be ≈130 nm wide,

these lines should close up ≈10-15 ps after the excitation

pulse. This is consistent with what we see in the time

evolution, where the reference dot can be seen to be half

30 nm / 10 ps = 3000 m/s

G(q) =
I �
1(q) · I �

2(q)
|I �

1(q)| |I �
2(q)|
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SLAC ACCELERATOR FACILITIES

LCLS is the world’s first hard X-ray FEL

First operations in 2009

Photon energy: ! 1.8 keV ! (6.8 Å wavelength)
Pulse energy: ! 2 mJ ! (7⨉1012 photons)

Pulse duration:! 40 fs to 300 fs 

X-ray focus:! 10 μm2! (1017 W/cm2)
Dose to sample:! 3 GGy



We used the same strategy as at FLASH to 
monitor sample destruction during the pulse

Si/C multilayer

!

FLASH:  Wavelength 100 Å
Structures: 100 Å to microns

LCLS:  Wavelength 6.8 Å
Structures: 6 Å to microns

0 fs 20 fs



a = b = 288 Å
c = 167 Å

Petra Fromme,     ASU



Submicron droplet sources and liquid jet sources 
have been developed for LCLS and FLASH

4 µm jet 3 µm X-ray beam

0.2 - 2 µm crystals

John Spence, Uwe Weierstall, Bruce Doak, 
Petra!Fromme, Dan DePonte 



LCLS X-ray pulses

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 µm

Nanocrystallography is carried out in a flowing 
water microjet

80 mm

Liquid jet

Interaction 
point

Front 
detector
(68 mm)

Rear 
detector

(564 mm)

4 µm jet 3 µm X-ray beam

0.2 - 2 µm crystals
CAMP Chamber: L. Struder et al. 



Single pulse diffraction from Photosystem 1 
nanocrystals at LCLS

Upper 
front 
CCD

Lower 
front 
CCD

Resolution at corner = 8.9Å

beam center



The crystals are sub-micron size

9 fringes 
(including 
peaks)

= 220 nm

14 fringes 
= 400 nm

I(q) ∼ sin2(Nq · a)
sin2(q · a)

Figure 3

715 nm 620 nm

290 nm 160 nm



We can sum patterns to create a virtual 
powder pattern

Lysozyme nano-
crystals
2 keV 



We have indexed the patterns

b*

a*

c*

Tom White (CFEL)
Rick Kirian (ASU)



We have merged indexed patterns into a 3D 
diffraction pattern

Tom White (CFEL)



Molecular replacement reconstructs the 7.4Å 
structure at 2 keV photon energy

Axel Brunger (Stanford) 
using DEN

  R = 22.2%
  Rfree = 25.7%
  <B> = 10.3Å2



Bragg peaks are observed even with 300 fs 
pulses

Resolution at corner = 8.6Å
with 300 fs pulse

0 femtoseconds

20 femtoseconds

70 femtoseconds

Stefan Hau-Riege



A crystal only gives Bragg diffraction when it is 
a crystal!
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We have explored the explosion dynamics up 
to almost 1 GGy/fs
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The diffusion of ions in a plasma is calculated 
using a hydrodynamic plasma code
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Only the first 30 fs contributes to the diffraction
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Our method follows “best practices” to 
minimise the effects of radiation damage
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