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

crystal . L. .
% Radiation damage is spread out over
10'° identical unit cells
% Diffraction from unit cells adds up
diffraction coherently to form strong Bragg peaks
pattern
% > 40,000 structures solved (in protein
data bank), but ~10,000 distinct
structures
electron

refinement

density map . The bottleneck is in growing crystals

atomic
model

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




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

One pulse, one measurement o

Particle injection & #

St

XFEL pulse

R. Neutze et al, Nature 406 (2000) Noisy diffraction pattern

Combine 105-107 measurements

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




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

Peak Brightness (ph/s/mm2/mrad?/0.1% BW)
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APS=Advanced Photon Source (ANL)
ALS=Advanced Light Source (LBNL)

operational 2013

12 keV, 50 fs, 10'3 photons

European X-ray FEL,
DESY, Hamburg

operational 2009

8 keV, 200 fs, 10'2 photons

Linac Coherent Light Source,
SLAC, Stanford

operational now

500 eV, 25 fs, 10'2 photons

FLASH
DESY, Hamburg
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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 us; 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




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

One pulse, one measuremer

Particle injection

XFEL pulse’.’e—‘@?

R. Neutze et al, Nature 406 (200 Noisy diffraction pattern

Combine 105-107 measurements
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Classification Averaging Orientation Reconstruction
G. Huldt et al, J. Struct. Biol 144 (2003) J. Miao, Hodgson, Sayre, PNAS 98 (2001)




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

No pinhole or

“Soft edge” prevents any
scatter from the hole

Multilayer reflectivity is uniform across the
30° to 60° gradient
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The sample was heated to 60,000 K by the FEL pulse

A Structu.r“e after FEIT eprsurg | before FEL exposure

A

Pulse energy: 10 wJ or 1 J/cm?

Dose in Si;N,: 105 J/g or 22 eV/atom

Temperature of 6x104 K, or 5.2 eV, ionization/atom of 2.5
Surfaces will expand at sound speed: 1.3x10° cm/s

In 25 fs, material will not move more than 3 A




Coherent diffractive imaging is lensless

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

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

s

Prior knowledge
about object

An algorithm finds
the phases that are

e

Resolution: 0 = A/sinf@

consistent with
measurements and
prior knowledge
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J. Fienup, Appl. Opt. 21 2758 (1987)

J. Miao et al, Nature 400 342 (1999)
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Lensless imaging has strict coherence requirements
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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

van der Veen and Pfeiffer, J. Phys 16, 5003 (2004)
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We perform ab initio image reconstruction with our
“Shrinkwrap” algorithm

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

Single pulse FEL

1 micron

Phase-retrieval

transfer function —>l< 32 nm, one wavelength
gives an estimate of
the resolution of the q P A NA

1 Bl

reconstructed image

0 2 4 6 8 10 q(1/um)




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

One pulse, one measurement L8

Particle injection &#

XFEL pulse Y

Noisy diffraction pattern

R. Neutze et al, Nature 406 (2000)

Combine 105-107 measurements
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G. Huldt et al, J. Struct. Biol 144 (2003) J. Miao, Hodgs




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

Needle tip

Pressure (Torr):

6
<10 Aerodynamic lenses

Particle stream

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

Needle tip

Particle stream

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

19




Single-particle FEL diffraction of “on-the-fly” particles
has been demonstrated for the first time
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FEL Pulse train:
140 pulses
10 fs duration
: ’ 10 us spacing
Particle velocity: ~20 ulipulse

: : . . 100 m/s =1 mm/10 us 13.5 nm or 7.0 nm wavelength
Single particle diffraction (c.f. 20 um beam)

pattern (one hit + 699 no-hits)

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




A mass spectrum is recorded every FEL pulse

10 fs FEL pulses at 10 us spacing

nin

1234567891011 2627

FEL Pulse train:
27 pulses
10 fs duration
10 us spacing
5Hz
~7 ud/pulse
13.5 nm wavelength
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The mass spectra show which pulse in the pulse train had hit and how.




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

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

TOF-20061122-065541-52343-408937 4 tof-SegmentNr-10
9.00 266.00

Mass spectrum recorded with LLNL-design
. miniaturized time-of-flight mass
0 spectrometer, from single pulse -
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We have performed the first X-ray imaging of free-
falling unstained live biological cells

Image reconstructed using Shrinkwrap by
Sebastien Boutet

60

Resolution length (nm)
o

60

1 micron

30

Single shot ~10 fs diffraction pattern recorded at
FLASH (DESY) at a wavelength of 13.5 nm of a
picoplankton organism.

|Ostreococcus TEM
This cell was injected into vacuum from solution, and

shot through the beam at 100 m/s
Stan{ord c
kmealr . “_@l

'_ (Wenche Eikrem and Jahn
+{Throndsen, University of Oslo)

J. Hajdu, I. Andersson, M. Svenda, M. Seibert (Uppsala)
S. Boutet (SLAC)
M. Bogan, H. Benner, U. Rohner, H. Chapman (LLNL)
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Live picoplankton have been imaged ‘on the fly’
when injected into the FEL beam

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

2.5 micron

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

Reconstruction by
Filipe Maia, Uppsala UPPSALA

UNIVERSITET




Magnetosomes at 7 nm (on a substrate)

Autocorrelation

| micron
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with llme Schlichting, Max Planck




latex sphere
clusters,
measured at

7.0 nm
wavelength

1283456789 101 %14
10 fs FEL pulses at 10 us

|5 nm
resolution
length




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

=

200nm EHT = 3.00 kV
Mag = 8589 KX }_{ WD= 4mm

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

|5 nm




Marine viruses at FLASH

3 different families, different genome sizes, various morphologies
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We have recorded many single-pulse patterns of
viruses
22 nm

Marine virus

with Martin Svenda,
Janos Hajdu, Uppsala

University
30




Higher intensity can be achieved using exploding
zohe plates

EHT = 5.00 KV
X }—{ WD= 4mm

Array of ~200 zone plates
30 nm zone width

|00 micron diameter
Anne Sakdinawat, CXRO, LBNL 0.5 mm focus at 7 nm

wavelength

Signal A = InLens Date 26 Feb 200
Photo No.=8205 Time :13:12:32
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Higher intensity can be achieved using exploding
zohe plates

sphere

| 00-nm diameter latex

32




We must develop higher-brightness particle beams

Multiplexed electrospray nozzles increase aerosol density
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50 fs
4x10'4 photons/um?2

Radiation damage affects
atomic scattering factors
and atomic positions

Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. Hajdu, J. (2000) Na.ture‘lOB, 752-;57.0 L)
L] ™ L Y
» e o




Coulomb explosion of Lysozyme

20 fs
4x1014 photons/um?2

Radiation damage affects atomic
positions and atomic scattering
factors

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




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

During 30 fs pulse (10'* W cm-2)
32 nm wavelength

~ |

Si/C multilayer

30 fs pulse reflectivity at 32nm

S

F 16%

L ¥ lincreasing Low-fluence
fluence v E

N

Reflectance (%)
w

Reflectivity unchanged e A
Multilayer d spacing not changed by more 35 40 45 50
than 0.3 nm Angle of incidence (degrees)

Plasma forms, layers ablate

Nomarskl micrograph of crater

g%:
—

- 40micron .

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




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

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

00um |/ T The particle size is determined
......... - by Mie scattering of the FEL
WL :
l ........... pulse by the particles (FEL pulse
.................... is both pump and probe)
//////// 50 mm
20 nm thick

silicon nitride 37




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

e

Resolution length (hm)
Beam 18 15 13 11
diameter T ' | '

(20 um) -

Latex particles on
membrane
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Diffracted intensity (arb. units)

| | 20 ' 30

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

lon density (1022/cm3)

w»

N

—h

(k,I) =(# K-shell, # L-shell) electrons
black = neutral carbon
blue = valence ionization
red = inner shell ionization

electron escapes if

E >
2R

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 eftects (such as inversg
Bremsstralung, 3-body recombination)

* Damage is dominated by ionization at short times
* A tamper reduces motion

ionization ionization + motion

RIR,

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

0 20 40 60
time (fs)




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

‘ _: A =32 nm,

1014 J/cm?

1§ 1.44
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i = ,, : : : (g/cm3)
100 - : ' S

“50.0

I —TREE
100 -200

Electron
temperature
-100 -200 -100 200 -100 200
z (nm)

y (nm)
H“?

(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

30 fs pulse
(9 um long)

reference Prompt diffraction

Delayed diffraction
Time delay 2/ / ¢

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




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

raw
smoothed

1000

Intensity (counts)

100}

25 5.0 75 10.0
q (um™)

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

Experiments

.——78ps

Intensity (arb. units)
w

25 50

q (um)

Calculation

7.8 ps 1
3.2 ps

25 50 75 100

* 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

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




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

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

26 fs 130 fs 800 fs 2.3 ps
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We performed ultrafast coherent X-ray diffraction to
study ablation of materials

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

visible pump

FEL probe

JUJ

|0 ps visible pump




Scattering from Light-Induced Periodic Surface
Structures is observed

p-polarized
Kk
L kS
l k. sin 6
FEL scatters from
structure | k|_- ks|
ks

model: Gilmer, LLNL

Speckle may be due to diffraction
from phase-separated plasma. MD

47




Laser-induced dynamics can be imaged

visible pump

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

FEL probe

PR,

48




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

Correlation G(q)

(c) 15ps (d) 20ps

~ Ii(q) ¢ Ix(q)
A TAPTIAGL

I, = In(q9)— < In(q) >

n

(e) 40ps (f) 140ps




Ultrafast Stopwatch

X-ray Probe puilse




ts

t |

Single Shot Stopwatch

The reconstruction of the hologram

relates the position of the arrows to ¥
their relative time since excitation.
8}
g
L t, t.
COS(
t(r) =2 (@) x o t(x)
¢ 180 um | 33° | 500 fs
c— 0.3 ,um/fs 50nm | 33° | 140as

W.F. Schlotter et al, Optics Letters v32 (21) p3112 (2007)
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