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Crystallography overcomes the radiation damage 
and optics limitations, but requires crystals

★ Radiation damage is spread out over 
1010 identical unit cells 

★Diffraction from unit cells adds up 
coherently to form strong Bragg peaks

★ > 40,000 structures solved (in protein 
data bank), but ~10,000 distinct 
structures

• The bottleneck is in growing crystals

http://en.wikipedia.org/wiki/Image:X_ray_diffraction.png 2



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)



X-ray free-electron lasers provide pulses that are 
intense, short duration, short wavelength, and coherent
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operational 2009

8 keV, 200 fs, 1012 photons

Linac Coherent Light Source, 
SLAC, Stanford

operational now

500 eV, 25 fs, 1012 photons

FLASH
DESY, Hamburg

LCLS

operational 2013

12 keV, 50 fs, 1013 photons

European X-ray FEL,
DESY, Hamburg

FLASH
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We have carried out experiments at FLASH

FLASH parameters for the experiments:
32 nm, 13 nm, 7 nm wavelengths
10-30 fs pulses
up to 1013 photons/pulse
Single pulses (5 Hz) & pulse trains (140 pulses spaced by 10 μs; 700 Hz)



We have overcome many challenges 

Using the FLASH free-electron laser we have:

•Demonstrated single-pulse coherent diffractive  X-
ray imaging; 

•  Demonstrated single-pulse diffractive imaging of 
particles injected into vacuum from solution, 
traveling across the beam at ~100 m/s. 

• Examined the dynamics of objects irradiated by FEL 
and laser pulses.  These studies support models that 
suggest that pulse durations of up to 50 fs could be 
used to attain 0.3 nm resolution;

•Developed time-resolved imaging of laser ablation
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X-ray free-electron lasers may enable atomic-
resolution imaging of biological macromolecules

Combine 105-107 measurements

Classification Averaging Orientation Reconstruction

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) Noisy diffraction pattern

XFEL pulse

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

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

“Soft edge” prevents any 
scatter from the hole  

No pinhole or 
monochromator
~5x1012 photons/
pulse @ 100 eV







The sample was heated to 60,000 K by the FEL pulse

10 micron Silicon frame

Remaining 
silicon 
nitride

Pulse energy: 10 µJ or 1 J/cm2

Dose in Si3N4: 105 J/g or 22 eV/atom
Temperature of 6×104 K, or 5.2 eV, ionization/atom of 2.5
Surfaces will expand at sound speed: 1.3×106 cm/s
In 25 fs, material will not move more than 3 Å

Structure after FEL exposure before FEL exposure



Coherent diffractive imaging is lensless 

Use a computer to phase the scattered light, rather than a lens

θ
λ

θ
λ

Resolution: 

€ 

δ = λ /sinθ

Prior knowledge 
about object

Algorithm

A lens recombines 
the scattered rays 
with correct phases 
to give the image

An algorithm finds 
the phases that are 
consistent with 
measurements and 
prior knowledge

13
J. Fienup,  Appl. Opt. 21 2758 (1987)

J. Miao et al,  Nature 400 342 (1999)



Coherent x-ray scattering 5007

Figure 2. Propagation of two waves with wavelengths λ and λ + "λ. The longitudinal coherence
length ξl is defined as the distance over which the phase difference of the two waves has become
π .

(a) (b)

(c)

Figure 3. Scattering geometries showing the path length differences PLD associated with (a) the
sample width a and (b) the sample thickness %. Panel (c) shows the corresponding incoming and
scattered wavevectors ki and ko and the momentum transfer q. Angles and distances are not to
scale.

The pre-factor is dependent on the spectral power density of the source; for a Lorentzian
spectrum one has ξl ! (2/π)λ2/"λ [3].

The longitudinal coherence length is inversely proportional to the bandwidth. For
"λ/λ = 1.3 × 10−4 and 0.1 nm wavelength, we find ξl ! 400 nm, i.e., much smaller than the
transverse coherence length. In order to see the implications of a small longitudinal coherence
length, consider the scattering event through an angle 2θ , from a sample having a width a
and a thickness %; see figure 3(a). The path length difference (PLD) between waves scattered
from the centre of the sample and from the outer edge equals a(sin 2θ)/2. A condition for
coherence is that ξl > PLD or

λ2

"λ
> a sin 2θ . (6)

The right-hand side of this equation can be rewritten in terms of the momentum transfer
q = ko − ki, where ko and ki are the wavevectors of the scattered and incoming beams.

5008 F van der Veen and F Pfeiffer

Using |ko| = |ki| = k, q = 2k sin θ (figure 3(c)) and sin 2θ = 2 sin θ cos θ , we find

λ2

#λ
>

aq
k

√
1 − q2/4k2. (7)

We have q < k, and in practice we can neglect higher-order terms in q/k:

λ2

#λ
>

aq
k

. (8)

Equation (8) must be satisfied for the largest momentum transfer q covered in the experiment,
and we need sufficient momentum transfer in order to achieve a good (i.e., small) resolution.
The maximum momentum transfer qmax relates to the spatial resolution s through qmax = 2π/s,
and with use of k = 2π/λ we can rewrite (8) as

#λ

λ
<

s
a

. (9)

In order to resolve an object of size a = 5 µm to within s = 10 nm, one has to keep the
fractional bandwidth #λ/λ below 2×10−3. One then has to employ a crystal monochromator;
a multilayer monochromator would not be good enough.

So far we have only considered the effect of the sample width on the PLD. However,
the sample thickness also contributes to the PLD; see figure 3(b). The PLD between waves
scattered from the front and the back of the sample equals %(1 − cos 2θ) = 2%(sin θ)2. The
condition for coherence, ξl > PLD, then reads

λ2

#λ
> 4%(sin θ)2. (10)

Of the two inequalities (6) and (10), the one whose right-hand side (rhs) is greater applies.
The rhs of (10) is of order (q/k)2, and the strictest requirement will almost always be (6).

For a given wavelength λ, sample width a and resolution s, the conditions for coherent
scattering can be summarized as follows: equation (4) sets an upper limit on the divergence of
the beam and (9) sets a limit on the fractional bandwidth.

4. Phase contrast

In this section we discuss the use of partially coherent x-ray beams for phase contrast imaging
of objects in the limit of near-forward scattering. For the size of the structural features to be
imaged, we assume that the conditions on the beamline optics, given in (4) and (9), are met.

When a coherent wavefield propagates through an object, phase differences arise between
different parts of the wavefront. These are due to spatial variations in the refractive index of
the object, which for x-ray wavelengths is given by

n = 1 − δ + iβ. (11)

Here, β = µλ/4π incorporates the absorption of the x-rays, with µ the absorption coefficient.
This term affects the amplitude of the waves. The term

δ = λ2rene/2π, (12)

with re = 2.818×10−15 m the classical radius of the electron and ne the electron density of the
material, determines the phase of the waves and causes their refraction. For sufficiently small
wavelengths (λ < 0.1 nm), β may be as small as 10−9, whereas δ is of the order of 10−6 [22].
Phase contrast therefore dominates absorption contrast in the x-ray regime. An advantage of
being sensitive to phase contrast is that even small spatial variations in the refractive index
can be detected. Phase contrast x-ray imaging therefore has great potential for application

Lensless imaging has strict coherence requirements

14van der Veen and Pfeiffer, J. Phys 16, 5003 (2004)
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Figure 2. Propagation of two waves with wavelengths λ and λ + "λ. The longitudinal coherence
length ξl is defined as the distance over which the phase difference of the two waves has become
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Figure 3. Scattering geometries showing the path length differences PLD associated with (a) the
sample width a and (b) the sample thickness %. Panel (c) shows the corresponding incoming and
scattered wavevectors ki and ko and the momentum transfer q. Angles and distances are not to
scale.

The pre-factor is dependent on the spectral power density of the source; for a Lorentzian
spectrum one has ξl ! (2/π)λ2/"λ [3].

The longitudinal coherence length is inversely proportional to the bandwidth. For
"λ/λ = 1.3 × 10−4 and 0.1 nm wavelength, we find ξl ! 400 nm, i.e., much smaller than the
transverse coherence length. In order to see the implications of a small longitudinal coherence
length, consider the scattering event through an angle 2θ , from a sample having a width a
and a thickness %; see figure 3(a). The path length difference (PLD) between waves scattered
from the centre of the sample and from the outer edge equals a(sin 2θ)/2. A condition for
coherence is that ξl > PLD or

λ2

"λ
> a sin 2θ . (6)

The right-hand side of this equation can be rewritten in terms of the momentum transfer
q = ko − ki, where ko and ki are the wavevectors of the scattered and incoming beams.

For high spatial resolution, the object size cannot be 
much larger than the pulse duration

This is an advantage if you have many identical copies of 
a sample in the beam

 = N



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

qx (1/µm) 0 2 4 6 8

0 5 10 15θx (deg)

S. Marchesini et al. Phys Rev B 68 140101 (2003) 



The reconstruction is carried out to the diffraction limit of 
the 0.26 NA detector

32 nm, one wavelength

Single pulse FELSEM

1 micron

λ / NA

0 2 4 6 8 10 q (1/µm)
0.0

0.2

0.4

0.6

0.8

1.0
Phase-retrieval 
transfer function 
gives an estimate of 
the resolution of the 
reconstructed image

60 nm



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

Combine 105-107 measurements

Classification Averaging Orientation Reconstruction

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)

XFEL pulse

Particle injection

Noisy diffraction pattern



We inject particles into the FEL beam by 
aerodynamically focusing an aerosol

Challenges: 
• High enough particle density in the beam 
• Having a pure sample
• Keeping molecules in “native” conformation 
• Diagnostics and control of particle 

trajectories

Electrospray

Pressure (Torr): 10
<10-3 <10-5

Aerodynamic lenses<10-6

Particle stream

18M.J. Bogan et al., Nano Letters 8, 310 (2008)



We inject particles into the FEL beam by 
aerodynamically focusing an aerosol

Challenges: 
• High enough particle density in the beam 
• Having a pure sample
• Keeping molecules in “native” conformation 
• Diagnostics and control of particle 

trajectories

Electrospray

Aerodynamic lenses
Particle stream

19M.J. Bogan et al., Nano Letters 8, 310 (2008)



Single-particle FEL diffraction of “on-the-fly” particles 
has been demonstrated for the first time

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

20M.J. Bogan et al., Nano Letters 8, 310 (2008)

Mass spectrum 
recorded every pulse 
in the train



A mass spectrum is recorded every FEL pulse

The mass spectra show which pulse in the pulse train had hit and how. 

H+ N+ O+

H2O+

O2
+

N2
+

Pulse #9: no hit - only 
residual gas ionized by the 
FEL (red)

Pulse #10: two particles hit: 
higher mass ions 
(underlined in green)

FEL Pulse train: 
27 pulses
10 fs duration
10 µs spacing
  5 Hz
~7 µJ/pulse 
13.5 nm wavelength

10 fs FEL pulses at 10 µs spacing

1 2 3 4 5 6 26 277 8 9 10 11



Single-particle FEL diffraction of “on-the-fly” particles 
has been demonstrated for the first time

Mass spectrum recorded with LLNL-design 
miniaturized time-of-flight mass 
spectrometer, from single pulse

Single ~200 nm particle Two particles hit by the one pulse

22

Reconstructed 
image

(Anton Barty)
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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 recorded at 
FLASH (DESY) at a wavelength of 13.5 nm of a 
picoplankton organism.  

This cell was injected into vacuum from solution, and 
shot through the beam at 100 m/s

Ostreococcus TEM 
section 

(Wenche Eikrem and Jahn 
Throndsen, University of Oslo)
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1 micron

Image reconstructed using Shrinkwrap by 
Sebastien Boutet

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



March 2007, FLASH, Hamburg
FLASH pulse length: 10 fs 
Wavelength: 13.5 nm

This cell was injected into vacuum 
from solution, and shot through the 
beam at 200 m/s

Live picoplankton have been imaged ‘on the fly’ 
when injected into the FEL beam

Reconstruction by 
Filipe Maia, Uppsala

2.5 micron



Magnetosomes at 7 nm (on a substrate)

25

1 micron

1 micron

Autocorrelation

with Ilme Schlichting, Max Planck 



Clusters

26

latex sphere 
clusters, 
measured at 
7.0 nm 
wavelength

15 nm 
resolution 
length

10 fs FEL pulses at 10 µs 
1 2 3 4 5 6 13 147 8 9 10 11



The absence of a substrate gives clean patterns free 
of aliased scattering sources and plasma radiation
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We collected serial diffraction of unoriented iron 
oxide particles

015 nm 15 nm

particles: 50 × 200 nm
FEL: 7 nm, 500 pulses/sec  



Marine viruses at FLASH

3 different families, different genome sizes, various morphologies

All scale bars = 50 nm



We have recorded many single-pulse patterns of 
viruses

30

Marine virus

with Martin Svenda, 
Janos Hajdu,       Uppsala 
University

0

22 nm

22 nm



Higher intensity can be achieved using exploding 
zone plates

31

Array of ~200 zone plates
30 nm zone width
100 micron diameter
0.5 mm focus at 7 nm 

wavelength
Anne Sakdinawat, CXRO, LBNL



Higher intensity can be achieved using exploding 
zone plates

32

100-nm diameter latex 
sphere



We must develop higher-brightness particle beams

Multiplexed electrospray nozzles increase aerosol density

Droplet beams are collimated and generated at MHz rates

4 µm

0.3 µm
Electrospray 
in vacuum

Rayleigh 
in vacuum



Radiation damage affects 
atomic scattering factors 

and atomic positions

50 fs
4x1014 photons/µm2

12 keV

Coulomb explosion of Lysozyme

Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. Hajdu, J. (2000) Nature 406, 752-757 34



Radiation damage affects atomic 
positions and atomic scattering 

factors

Coulomb explosion of Lysozyme

Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. Hajdu, J. (2000) Nature 406, 752-757

20 fs
4x1014 photons/µm2

12 keV

35



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

During 30 fs pulse (1014 W cm-2)
32 nm wavelength

After pulse Plasma forms, layers ablate

40 micron

Nomarski micrograph of crater

Reflectivity unchanged
Multilayer d spacing not changed by more 

than 0.3 nm

Si/C multilayer

30 fs pulse reflectivity at 32nm
4

50
Angle of incidence (degrees)

increasing
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100%
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Low-fluence
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400 nm

36S.P. Hau-Riege et al., Phys Rev Lett 98, 145502 (2007)



Particle explosion experiments were performed at FLASH 
on latex particles on membranes

357 windows per chip

Mounted on piezo x-y stage to 
move each window into beam

25 mm

The particle size is determined 
by Mie scattering of the FEL 
pulse by the particles  (FEL pulse 
is both pump and probe)

50 mm

15º

100 µm

20 nm thick 
silicon nitride 

1µm

Beam diameter (20 µm) - 
220 particles

Latex particles on membrane

37



High-angle diffraction shows no change in structure 
of particles greater than 12 nm
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Latex particles on 
membrane



We have developed a hydrodynamic continuum model for the 
atomic motion and the ionization processes that can treat large 
and small molecules

• Allows for trapping and secondary effects (such as inverse 
Bremsstralung, 3-body recombination)
• Damage is dominated by ionization at short times
• A tamper reduces motion

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



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

λ = 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) 40



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 
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The “dusty mirror” experiment



The explosion is in good agreement with our 
hydrodynamic model

• The structure factor narrows, showing the particle exploding
• The lower resolution shape of the explosion is different than expected 
• This is the first high-resolution observation of particle explosions 

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



We interferometrically measure the change in optical 
density of the particle at short delays

reference

Object, phase change of 
ϕ Fitting the ring 

radii gives l and 
ϕ

Rings occur when l +ϕ+d1=d2+Nλ
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We interferometrically measure the change in optical 
density of the particle at short delays

800 fs 2.3 ps130 fs26 fs
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visible pump

FEL probe

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

15 ps 40 ps 240 ps

440 ps 640 ps 1.1 ns

With Klaus Sokolowski-Tinten (Essen) 
and Andrea Cavalleri (Oxford)

0

1 µm-1

10 ps visible pump



Scattering from Light-Induced Periodic Surface 
Structures is observed

2π/λL

kL kS

p-polarized

FEL scatters from 
structure | kL- kS|

Speckle may be due to diffraction 
from phase-separated plasma. MD 
model: Gilmer, LLNL

kL sin θ

kS

47



Laser-induced dynamics can be imaged

-5 ps 10 ps 15 ps

Im

Re
visible pump

FEL probe
With Klaus Sokolowski-Tinten 
(Essen)  and Andrea 
Cavalleri (Oxford) 48



Patterns can be cross correlated to reveal the danamics 
of the structure 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

0 5 10 15
q (1/ m)

0

0

0

0

0

1

1

1

1

1

C
o
rr

e
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ti
o
n
 G

(q
)

t = 10 ps

t = 20 ps

t = 15 ps

t = 140 ps

t = 40 ps

62 nm

83 nm

90 nm

130 nm

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/cm2, 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

4

(a) SEM image (b) -5ps

(c) 10ps (d) 15ps

2 m 1 m

1 m1 m

FIG. 4: (a) Nanofabricated reference object and (b-d)
images obtained using phase retrieval at various time
delays after the laser excitation pulse: (b) object before
the laser excitation pulse, then at (c) 10 ps delay and and
(d) 15 ps delay. Gradual degradation of the sample and loss
of mesoscale order is visible, as is progressive disintegration
of the object. The reconstructed complex-valued object is
represented by hue and saturation (as indicated in the colour
wheel).

closed at t = 10 ps and no longer visible (corresponding
to fully closed over) at t = 15 ps.

By combining the femtosecond temporal resolution of
X-ray free electron lasers with the nanoscale imaging ca-
pabilities of a coherent diffraction imaging geometry and
a synchronous reaction trigger we have realised the abil-
ity to capture single-shot images of nanoscale dynamics
on the timescale of individual atomic motion. Single-shot
dynamic diffraction imaging is unique in its ability to im-
age non-repetitive phenomena where radiation-induced
damage and intrinsic sample movement prevent the re-
peated accumulation of high-resolution scattering data
using conventional X-ray sources. At the nanoscale, this
technique has application to a wide range of dynamic
phenomena, including the formation of dynamic inho-
mogeneities during chemical reactions, nucleation and
phase segregation in the solid state, crack formation and
spallation dynamics in solids, and potentially complex
molecular rearrangements in biological cells. Looking
further ahead, dynamic diffraction imaging can be read-
ily extended to higher spatial resolution using hard X-ray
FELs currently under construction, in principle to near
atomic resolution, and will ultimately enable the explo-
ration of material dynamics at interatomic length scales

on the timescale of atomic motion.

Methods

Experiments were carried out at FLASH, the soft-X-
ray FEL at DESY in Hamburg, using 13.5 nm light and
an experimental geometry [14] and imaging apparatus
[23] similar to that previously described elsewhere.

Samples consisted of a pattern cut into a Silicon Ni-
tride membrane with a dual-beam focused ion beam in-
strument (FEI, National Center for Electron Microscopy,
Lawrence Berkeley National Laboratory), using a 100 pA
beam of 30 keV Ga+ ions. Sample substrates consisted of
a freestanding 20 nm thick low-stress silicon nitride mem-
brane film coated with a 100 nm thick iridium film. Mem-
branes were supported by 100 µm square etched openings
or ”windows” in a silicon wafer frame, and were manu-
factured at the Microfabrication Center at Lawrence Liv-
ermore National Laboratory.

The Ablation pulse was provided by a 523 nm pulsed
Nd:YLF laser provided by FLASH facility. This laser
is essentially a copy of the photocathode laser produc-
ing the electron pulses for the FEL and can thus provide
the same pulse pattern as the FEL [24]. The actively
modelocked oscillator of the laser system allows a syn-
chronization better than 1 ps jitter to the XUV pulses
of the FEL [25]. This laser was focused to an approxi-
mately 30 µm FWHM spot on the sample and delivered
approximately 25 µJ per pulse, producing fluences on
the sample of between 2-6 J/cm2 . Pulse length for the
pump laser was 12.5 ps, giving peak intensities of about
2.2×1011 W/cm2 on the sample, adequate to fully de-
stroy the sample in a single pulse. The finite duration
of the excitation pulse used in these experiments leads
to a systematic uncertainty of ≈ 2.5 ps in the relative
pump-probe pulse timing.

Correlations between different diffraction patterns
were quantified by evaluating the normalised correlation
function

G(q) =
I ′
1(q) • I2(q)

‖I ′
1(q)‖‖I ′

2(q)‖
(1)

as a function of spatial frequency q, where the vectors
I1(q) and I2(q) have first been adjusted to have zero
mean:

I ′
n = In(q)− < In(q) > (2)

and < ... > is the average over vector elements. For this
analysis, the vectors I1(q) and I2(q) consisted of the mea-
sured intensities within an annulus 20 pixels wide centred
with respect to the diffraction pattern and stepped across
the diffraction pattern in steps of 1 pixel to produce the
plot shown in Fig. 3. This correlation function returns
a value between 0 and 1 depending on the degree of cor-
relation between the two vectors I1(q) and I2(q), with a
perfectly correlated set of data yields G(q) = 1 for all
values of q.
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FIG. 4: (a) Nanofabricated reference object and (b-d)
images obtained using phase retrieval at various time
delays after the laser excitation pulse: (b) object before
the laser excitation pulse, then at (c) 10 ps delay and and
(d) 15 ps delay. Gradual degradation of the sample and loss
of mesoscale order is visible, as is progressive disintegration
of the object. The reconstructed complex-valued object is
represented by hue and saturation (as indicated in the colour
wheel).
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chronization better than 1 ps jitter to the XUV pulses
of the FEL [25]. This laser was focused to an approxi-
mately 30 µm FWHM spot on the sample and delivered
approximately 25 µJ per pulse, producing fluences on
the sample of between 2-6 J/cm2 . Pulse length for the
pump laser was 12.5 ps, giving peak intensities of about
2.2×1011 W/cm2 on the sample, adequate to fully de-
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relation between the two vectors I1(q) and I2(q), with a
perfectly correlated set of data yields G(q) = 1 for all
values of 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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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/cm2, 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
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