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Noisy diffraction pattern

Particle injection

XFEL pulse
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Scheme proposed in R. Neutze,




Our first experiments set out to answer a number of open

guestions

Particle injection Pixel

! detector 1 21" ntelligent CBST - DOE WOrkShOp
* eam-
Electrostatic - 207 March 2004 at SLAC
trap \ / @
Xi — Janos Hajdu

XFEL beam
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Particle _
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beam diagnostics Readout and
To mass reconstruction
spectrometer

1. How short is short enough to outrun radiation damage?
How can you get single molecules into the X-ray beam?
3. How can you determine orientation from noisy diffraction?






Phase retrieval can be accomplished with iterative

transform algorithms

Object
function, g

FT

Impose measured | FT*
diffraction amplitude, —_—
Keep phase

New object
function, g’

Impose support constraint;
Impose positivity

et of all objects
that have
measured
diffractioy
amplitude

Fienup, Opt Lett 3 (1978)
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We reconstructed a 3D X-ray image of a non-crystalline

object at 10 nm resolution

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
2D nn 22_CDI 1 cliictar  Docnliitinn — 10 nm

Coherent X-ray diffraction data, rotating
the sample -70 to +70 degrees (5-108
data points)
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Our diffraction camera can measure forward scattering
close to the direct soft-X-ray FEL beam

“Soft edge” prevents any
scatter from the hole

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



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

1 micron s
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Our first experiment was actually a bit simpler...

30 fs pulse (1014 W cm2)
32 nm wavelength

Sasa Bajt



First EUV-FEL experiments show that structural

Information can be obtained before destruction

30 fs pulse reflectivity at

4 32 nm wavelength, 10** W/cm?
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S. Hau-Riege et al PRL 98 (2007)



Initial high-angle diffraction shows no change in structure

of particles greater than 12 nm

Resolution length (nm)
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XFEL diffraction of molecules and clusters is modified

(damaged) by photoionization and motion of atoms

O Photoionization (and subsequent collisional ionization) releases charges from the free
molecule which lead to Coulomb explosion.
O After ~10 fs, charges are trapped and neutralize the core of the particle

O Nuclear motion occurs on outer layers first — — _
lonization lonization & motion
< > ¢ >
L0 ~/Z/
¢ | =
05 [ =
charged layer 0 20 40 60
time (fs)
Hydrodynamic : 1.44
simulations of 00 .
nanostructures £ 1 (giem?)
P :
-100 - : :
R 1 RO I'__I o i" 0-0
S. Hau-Riege et al, Phys Rev E 69, 051906
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We invented a new method called femtosecond time-

delay holography

a
— =0
30 fs pulse
(9 [m long)
[

t=1l/c

reference Prompt diffraction

Delayed diffraction

Timedelay 21/ c

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




Time-delay holography with 3 fs time resolution indicates
the particle explosion

latex sphere diffraction
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Single shot ultrafast timeﬁdélay' X-ray :
hologram, with 300 fs delay

13 ps delay
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Bragg diffraction is a good indicator of structural integrity

30 fs pulse (1014 W cm2)
32 nm wavelength
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Crystal diffraction Is sensitive to atomic displacements

I(q) =

f(@)’

Z fiexp(iq - x;) q| = —

X; > x;+D;  (D;) =0

= | f(q)|” exp(—q* (D?)) Jer2

displacement of
atom by d/4
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2.1 A resolution structure of polyhedrin obtained from
single Granulovirus particles

-

- = [[0, 1], 14] [[1, 1], 14]

Virus body

8,000 unit cells,

a,b,c = 100A

Volume of crystalline part:
0.008 pm3

[[-1, 1], 4]

[[-1, 0], 15] [[1, 0], 19]

Dose: 2 GGy

[[0, -1], 22]

Structure solved to 2.1 A, by
averaging over 100,000 patterns.
Single-shot resolution about 4 A

Unit cell consists of 24
. interlocking polyhedrin
¢~ molecules. Evolution
- optimised the crystal

C. Gati, CFEL, with Peter Metcalf, University of
Auckland and Johannes Jehle, Julius Kuehn Institute



There are now 44 FEL depositions in the protein
databank

4RW1, 4RW2,
3WXU, 3WXT,
3WUM, 3WUL

4TNH, 4TNI, 4TNJ,
ATNK, 4FBY, 41XQ,
4IXR, 4Q54, 4PBU

40X0,40X2,
4QX1, 40X3

4WL9, 4WLA




A crystal only gives Bragg diffraction when it is a crystal!

Selecting Bragg peaks filters the data
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Barty et al. Nature Photon 6, 35-40 (2012)



At fast timescales the ionisation gates the diffraction

rather than nuclear motion

By

§ Z 1029 W/cm?
E 15 1019 W/CI'T]2
-

.g .

S 1018 W/cm?
5 U 1017 W/cm?
© i

20 4
g (nm)

2
—

Caleman et al Opt Exp 23 1213 (2015)
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Higher dose rates (i.e. higher X-ray intensities) should
give larger Bragg signals

Effective fluence at 6 keV (ph/pm?)

Maximum effective dose

Intensity at 6 keV(GW/um?)

0.2 20 200 2000 20,000 200,000
Hollow S| Hollow C E'
atoms atoms S
300 GGy 1 l o
1014 {} .
100 fs CBD
S0 6T 100fs F
w
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Q
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(.)ng 1fs LS 5,
pristine atoms
301 ey 0.1f

0.6
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00 6,000
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600,000

Son, Young, Santra PRA 2011




We propose to use the fluence dependence of heavier

element scattering factors for phasing

Dose (MGy)
{5 20 200 2,000 20,000 200,000
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S.K. Son, R. Santra CFEL



Difference electron density between high and low

fluences reveals the positions of sulfur atoms

Difference map: High intensity
minus low intensity

High intensity: ~20 GGy dose
Low intensity: ~2 GGy dose

Sample: Cathepsin B (Lars
Redecke)

Analysis: Lorenzo Galli
(CFEL) & Max Nanao (ESRF)




Lorenzo Galli &_
Thomas Barends

Red mesh: anomalous map at 50.
Thomas Barends

High fluence: 1013 ph/um? (10 GGy) Sesaifr"eigf?zd;ljt)a'
Low fluence: 2X10 ph/um? (200 MGy)

Difference: ~4 electrons in Gd (and surroundings)

CFEL

SCIENCE



RMS displacement: 0.5A
half electrons ionized




Solution scattering gives single-molecule diffraction, but
orientationally averaged




Aligned molecules yield a single-molecule pattern




How well aligned do you need?

photosystem Il




Needle-like objects align in the jet

Gas foq @

Dan Deponte ASU







Adding DNA “kite tails” may align arbitrarily-shaped
molecules

& 6keV photon energy
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Even bad crystals should attain the required level of
alignment
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Extended Data Figure 2 | Background corrected -
diffraction pattern of a photosystem Il microcrystal KUptIZ et aI’ Nature 513’ 261 (2014)
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Phasing diffraction of periodic structures iIs challenging

because of the information deficit

Acta Oryat, (1952). 5, 843

Bhannon (1849), in the field of communication theory,
hina given the following theorem: If a function dir) is
known to vanish cwtside the points @ = -afl, then its
Fourser transform F{X] s ﬂ:u'np]bhl; l]&&lﬁrlﬁd bj' e
values which it assumes at the pointa X =0, £+ 1/a,
:|:=||'.g., voes I fact, the contineous FX)} may be filled
in merely by laying down the function sin maX =eX ai
anch of the above points, with welght equal to the valus
of FiX) ai that peint, and sdding.

Now the elsctron-density fusction diz) describing a
pingle wnit ooll of a crystal vanishes outside the points
T = a2, where a is-the kngth of the oell. The reci-
procal-lattios points are st X = 0, +1/a, + 2/, ..., ond
hones the experimentally observable walues of FX)
would suffice, by the theorem, to determine FLX) every-
where, if the phasess were kmown, (In principle, the
necensary polnta extend indefinitely in reciprooal space,
but by using, say, Guussinn atoms both diz} and FX)
can be effectively confined to the unit cell and the ob-
mservable negion, nespectively.)

For centrosymumetrionl structures, to be able to il in
the |[F|' funetion would sulfiee to vield the strocturs,
for mign changea could ootur only at the poinis where
|F1® wanishes, The structure corresponding to the |F#
function is the Patterson of & single unit oall, This has

Current phasing methods for crystal diffraction:
 Molecular replacement

 Anomalous diffraction

 Isomorphic replacement (and things like RIP)
* Direct methods (atomic resolution)

* Density modification

Some implications of a theorem due to Shannon. By D, Savee, Jobnson Foundation for Medicel
Phyrica, University of Pennsylvania, Phdadelphia 4. Penneglvania, U5, 5, 4,

(Beceived 3 July 1852)

twice the width of the unit cell, and henoe to fill in the
|F® function would require knowledge of |F® at the hali-
integral, as well as the integral &'s. This is equivalent
to & statement mads by Gay (1951)

I think the conclusions which may be stated at this
point are:

1. Dhrect atructare delermination, for centrosymmetric
structures, could be accomplahed s well by finding the
mﬂnlthblfi'ﬂhlﬁmtqtﬂiubgﬂumﬂm
durs of finding the sgns of the Fs at integral &.

2. In work like that of Boyes-Watson, Davsdson &
Perutz (1947} on hasmaglobin, where |F|¥ was observed
at non-integral A, it would soffies (o have only the values
at half.antegral b

The extension o three dimensions is obvious.
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