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THE ACT OF OBSERVATION CHANGES WHAT IS BEING
OBSERVED

AN ATOM

- AN ATOM BEEING OBSERVED IN A PARTICLE COLLIDER
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IN LARGE MACRO OLIé'-CULAR SYSTEMS,
FUNDAMENTAL LIMITS TO OBSERVATION SEEM
TO APPEAR LONG BEFORE ANY QUANTUM LIMITS

The changes inflicted can be quite dramatic
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RADIATION DAMAGE TO A CRYSTAL

LOSS OF HIGH-RESOLUTION DATA
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' HIGH DATA RATES OFFER NEW OPPORTUNITIES -

E. Graman, Oxford

A REVELATION FROM DARESBURY IN 1981: Data collection was fast
(20 min vs. 2 weeks), and the crystals lasted much longer at the
synchrotron than at home in Oxford.

The 1st hint for a significant time component in damage formation



THE 1st TIME-RESOLVED EXPERIMENT IN XTALLOGRAPHY
P I e gy N e 5 e Sl
T N OR D EAR DS N
9 SN ‘
QAT PN T
Y "-.'-l_ " e
‘i 1.'-fr;' i [ ]

L ]

¥ W oy g
#

-

";'E?;F_lr

.-f'
=
| . _ WIS |
R || s’ 7t P Tl — o U b
F P SRS '-l':.'?i '::'—‘:'-_-t;fé‘.:-'-'.re:- u o g

CATALYSIS IN A CRYSTAL OF GLYCOGEN PHOSPHORYLASE

Hajdu, J., Acharya, K. R., Stuart, D. I., McLaughlin, P. J., Barford, D., Oikonomakos, N. G., Klein, H. & Johnson, L. N. (1987)
Catalysis in the crystal: Synchrotron radiation studies with glycogen phosphorylase b. EMBO J., 6, 539-546.

Hajdu, J., Acharya, K. R., Barford, D., Stuart, D. I., Johnson, L. N. (1988) Catalysis in enzyme crystals. T/IBS, 13, 104-109.
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EACH DATA SET REPRESENTS A TIME & VOLUME AVERAGE
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“Catalysis in the crystal: Synchrotron radiation studies with glycogen phosphorylase b”
Hajdu, J. et al. EMBO J. 6, 539-546 (1987).



 FASTER DATA COLLECTION BY BRUTE FORCE: WHITE
SYNCHROTRON ‘RADIATION (1984)

OUR LAUE DIFFRACTION STATION in DARESBURY



“Millisecond X-ray diffraction: First electron density map from Laue photographs of a protein crystal”
Hajdu et al. Nature 329, 178-181 (1987)
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Sensitive to disorder, high background, plenty of corrections - but can be very fast



X-RAY DRIVEN CATALYSIS IN A REDOX ENZYME

HORSERADISH PEROXIDASE (HRP)
154 525 papers !

Berglund, G.1., Carlsson, G.H., Smith, A.T., Széke, H., Henriksen, A. & Hajdu, J. (2002) Nature 417, 463-468.



UVIVIS PHOTON PHOTO-IONISATION

CARBON Ct*ion CASCADE PROCESSESS
2pz in condensed material, 10-100 fs
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REACTION SCHEME of HRP
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RELEVANT TO UNDERSTANDING OXYGEN
CHEMISTRY IN BIOLOGY
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COMPOUND Ill OF HRP CONTAINS A BOUND DIOXYGEN
SPECIES, BUT THE X-RAY STRUCTURE SHOWS TWO

Absarbance
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SPECTRAL CHANGES
INDICATE REDUCTION
by X-RAYS

COMPOUND 11
{no X-rays)
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X-RAY DATA COLLECTION AS IT HAPPENS

4 DOSE

1

At this point the starting structure is gone



INDIVIDUAL DATA SETS

Crystal 1

Crystal 2

Crystal 3
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REDUCTION of O, to H,0

X-RAY-DRIVEN CATALYSIS




10-202 Redox enzymes evolved to channel electrons to/from the active site




40-502 Redox enzymes evolved to channel electrons to/from the active site




50-602 Redox enzymes evolved to channel electrons to/from the active site




70-802 Redox enzymes evolved to channel electrons to/from the active site

“The catalytic pathway of horseradish peroxidase at high resolution”
Berglund, G.1., Carlsson, G.H., Smith, A.T., Szoke, H., Henriksen, A. & Hajdu, J., Nature 417, 463-468 (2002)



OUT-RUNNING RADIATION DAMAGE:
ULTRA-FAST DIFFRACTIVE IMAGING
with X-RAY LASERS



X-RAY LASERS PROVIDE A BILLION FOLD INCREASE
IN PEAK BRILLIANCE RELATIVE TO SYNCHROTRONS

Such a large jump in one physical quantity is very rare, and quite remarkable

Total irradiated power = 1.74 x 107" W

* 1 mm?

The peak power of the LCLS with a 1 um? focu



DEPENDING on the SPATIAL and TEMPORAL FOCUSING
of the X-RAY PULSE...

Unfocused beam DIFFRACTION TOMOGRAPHY
FEMTOCHEMISTRY

ATOMIC PHYSICS

WARM AND HOT DENSE MATTER

STRUCTURE & FUNCTION in BIOLOGY

Diffraction limit BOILING of VACUUM

Power densities > 102 W
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2. X-ray lasers createfintense =
electromagnetlc fields that p uII host N3
apart so they stay in existence ong enaugh\
be detected



OK, but what is “light”?

We know it exhibits both wave and particle (photon)
behavior, but...

Three views on the photon (quantum) character of “light”:

Einstein:
“l spent my life to find out what a photon is and | still don't
know.”

Dirac:
“Each photon interferes only with itselr.
Interference between different photons never occurs.”

Feynman:
Photon interference “has in it the heart of quantum
mechanics. In reality it contains the only mystery.”

Jo Stohr, SLAC



The weird quantum (photon) behavior of light

Light source

""'\-\.\_\_\_\_.

il

photons
of same

energy

Light is “birthed”
on an atom as
photon

Birth volume = A3

_ _ Detector Diffraction image is assembled
Screen with 2 slits one-photon-at-a-time

~200 ~1000 ~6000 photons

Light propagates Wave collapses into photon which is
& interacts like wave detected through photoelectric effect

Diffraction pattern assembles one photon at a time

Consistent with Dirac’s bold statement:
“each photon (field) interferes only with itself”

Jo Stohr, SLAC




Brightness and photon degeneracy parameter
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THE HISTORY OF X-RAY LASERS IS SHORT
First lasing: 10 April 2009 (LCLS, Stanford)

"There is a steep “learning curve” to climb, for
experiments and also for theory, in order to exploit these
potentials” Massimo Altarelli, from yesterday

1.5x10'2 photons @ 8.2 keV (1.5 A)
Electron bunch length: ~78 fs FWHM
Photon pulse length: ~60 fs FWHM
Photon spike length: ~100 as FWHM
Gain coefficient: 2.9/m

Emma, P. et al. Nature Photonics 4, 641-647 (2010).



A FREE-ELECTRON LASER IS A PARAMETRIC AMPLIFIER
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A PARAMETRIC AMPLIFIER OPERATES BY TRANSFERRING
ENERGY TO THE OUTPUT SIGNAL (the photon pulse) FROM AN
OSCILLATOR (here a bunch of free electrons flying through an
undulator magnet)

The relativistic bunch of free electrons interacts with its own photon field



Wonderful chaos - Just like synchrotron radiation

Gyorgy Ligeti: “Poeme Symphonique for 100 Metronomes”



ORDER FROM CHAOS: ATTOSECOND ELECTRON BUNCHING

Electrons in random distribution

Electrons in microbunches (pancakes)
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ORDER FROM CHAOS - NOW FOR REAL

Starts like Ligeti’'s “Poeme Symphonique for 100 Metronomes”

S.H. Strogatz & |. Stewart. Coupled Oscillators and Biological Synchronization.
Scientific American 269, 102-109 (1993).



ORDER FROM CHAOS: ATTOSECOND ELECTRON BUNCHING

Electrons in microbunches (pancakes)

P soperont /@ FEL radiation
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SELF-AMPLIFIED SPONTANEOUS EMISSION (SASE)

2 anZ P = total emitted power
— a = acceleration

3 C3 g = charge
c = speed of light

Larmor’s equation

100,000 electrons packed closely together will radiate
10,000,000,000 times more than a single electron

Tightly packed electrons behave like one giant particle with
“n” charges, and emit light coherently as a “unified whole”




COHERENCE

Definition from the Oxford English Dictionary: The quality of being
logical and consistent, forming a unified whole.

COHERENCE OF WAVES = CONSTANT PHASE RELATIONSHIP

A measure of coherence can be given by correlation functions:
The COHERENCE FUNCTION between signals x(7) and y(?) is defined as

‘Sl-y( f) Jz «—— Cross-spectral density - the FT of the

2 p—_—
Yay(f) = 5. (1S (F) CROSS-CORRELATION FUNCTION
— Yy IN SPACE: similarity of the signals at
5 different positions.
0 < Yy (f) 1 IN TIME: similarity of the signals after
different time lags.
Power-spectral density - the FT of the We will consider
AUTO-CORRELATION FUNCTIONS SPATIAL or TRANSVERSE coherence

and

IN SPACE: similarity of each signal with TEMPORAL or LONGITUDINAL coherence
itself at a given separation distance.

IN TIME: similarity of each signal with
itself at various times.



TRANSVERSE (OR SPATIAL) COHERENCE refers to the continuity and
uniformity of a wave in a direction perpendicular to the direction of propagation

LONGITUDINAL (OR TEMPORAL) COHERENCE can be characterised by

(i) the distance over which the phase in a beam of light remains correlated
(coherence length)

(i) the longest time interval over which the phase in a beam of light remains
correlated (coherence time)

/\
(»)
—
X T
N Ax
i| —‘ > x lnuL..
I/ l:".;}
I
=
L—w L=
Plane wave with infinite Varying wavefront with infinite  Varying wavefront with finite
coherence length coherence length coherence length in space and

time



INCOHERENT, PARTIALLY COHERENT, COHERENT
Coherence between waves can be described by correlation functions

Spatially and 'Tampnra}ly

Spatiall :
P y Coherent

Coherent

Incoherent

PINHOLE INTRODUCES ‘U MONOCHROMATIC FILTER INTRODUCES
SPATIAL (TRANSVERSE) TEMPORAL (LONGITUDINAL) COHERENCE

COHERENCE (perfectly monochromatic light has infinite
Drawing by Filipe Maia, Uppsala longitudinal coherence)



Why is Coherence Important for Imaging?

Coherence is an ideal property of waves that enables stationary (i.e.
temporally and spatially constant) interference between waves.

Coherence is strongly related to the sharpness of interference
fringes. We expect sharp fringes when the degree of coherence is high
and no fringes at all in the absence of coherence

<

Beam with full transverse/spatial coherence l\ *\J\t J\

H!. \|\\1 ‘l‘n J J
— @ | petector

Beam with partial transverse/spatial coherence
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Why is Coherence Important for Imaging?

Coherence is an ideal property of waves that enables stationary (i.e.
temporally and spatially constant) interference between waves.

Coherence is strongly related to the sharpness of interference
fringes. We expect sharp fringes when the degree of coherence is high
and no fringes at all in the absence of coherence
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Spectral bandwidth and longitudinal coherence length

A

‘-r— A —r—‘ ‘-:— AA 180 phase shift
1.00 -
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Define a coherence length €., as the distance of propagation over which radiation of spectral width AL
becomes 180° out of phase. For a wavelength A propagating through N cycles

= NA

cnh

and for a wavelength A + AA, a half cycle less (N — %}

€ooh = (N—3) (L + AX)
Equating the two

N= A2AN
so that 5
By 8.3)
gcuh — 2 AL e

Choa_Fo3.ai



The importance of coherence

X-ray source Bragg diffraction: periodic crystalline regions on atomic length scale

L

Coherent 5
fraction o—s S~
- single T
T -1 crystal sl
IN[AA sample  ISSEE

Q=2n:d
Coherent ;
faction Scattering
. pattern
i b
non-periodic

sample

Speckle
pattern

Coherent
fraction

Aperture R—— S

Jo Stohr, SLAC



A thermal Iight source vs. a laser light source

i

il 6{| u" il | ( } Ordinary thermal light source, atoms radiate
AL
) 'l.'a .‘H i L'H l

independently
f II ]|
} " ) l‘ A pinhole can be used to obtain spatially
| |

#

coherent light, but at a great loss of power
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'. b '. iy "f. | |r| || |I || I||
. |' | ] i H | . . .| I| | |‘ il ||‘| | A color filter (or monochromator) can be
; L] I"I " ' | ll" |‘" '| | I il | used to obtain temporally coherent light, also
I/ |;.'*,.* .'-4]-" I ” |r l", 1l L, at a great loss of power
il e P

e T "| b Pinhole and spectral filtering can be used to
ERLERLED ‘ obtain light which is both spatially and
' R I BT [ temporally coherent but the power will be
L Y very small

All of the laser light is both spatially and
temporally coherent

A. Schawlow, “Laser Light”, Sci. Amer. 219, 120 (Sept. 1968)



DIFFRACTION FROM A CRYSTAL
AND FROM A SINGLE MOLECULE



X-RAY DIFFRACTION FROM A CRYSTAL AND FROM A
SINGLE MACROMOLECULE

CRYSTAL

'''''''''''''

No crystal, no Bragg peaks,
continuous patterns, resolution
does not depend on sample quality

~
.



RADIATION DAMAGE KILLS  crystaL sTRUCTURE

. DISTRIBUTED DAMAGE
The more detail we want to see, the less R
Is left from the sample

THERE IS A TIME COMPONENT
IN DAMAGE FORMATION

* )}

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



THIS DIFFRACTION PATTERN WILL BE MODIFIED BY
RADIATION-INDUCED CHANGES IN THE SAMPLE

no crystal,
no Bragg peaks

Continuous
diffraction
pattern

F i _" '
: 0oy el - strong forward
IS scattering “

—a

low-intensity

high-resolution
structural

information

Protein molecule
(lysozyme)

)

A spherical slice through the 3D reciprocal space — the Ewald sphere




Scattering and damage by X-rays
(12 keV photons, biological samples: C, N, O, H, S, P)

X-RAYS INTERACT WITH MATTER THROUGH
ABSORPTION AND SCATTERING:

(1) PHOTOELECTRIC EFFECT (~90%) followed by Auger
emission, shake-up excitations, and secondary electron
cascades (large samples)

(2) ELASTIC SCATTERING (~7-10%)

(3) INELASTIC SCATTERING (~3%)

(4) Cascade processes Iin condensed materials



We compute the effect of ionisation, changing scattering
factors, and sample explosion on the diffraction pattern

Compute time-integrated diffraction intensity:

2
J

Radiation damage interferes with atomic scattering

I(Q)Zﬂrele(f)

—00

factors fi(q,r) and atomic positions x;(#)

caliculate aegraaaton () 1actor 10 see now ne explosion
degrades the image

K_1w/lreal(u) ~lideal(Y) K = %Jlrea/(u)
> lideal (1)
u

R= e
> > lideal(V)
u

" R =0 is ideal; larger R means larger error
" For two totally random arrays: R ~ 0.67
" Typical R -values in Protein Database: 0.20



Landscape of damage tolerance from our model

Neutze et al. (2000) Nature 406, 752-757

lonisation and subsequent sample

Damage-Induced Error

explosion cause diffraction > VIO VI, |
intensities to change R= e
IO

Best crystallographic R-factors: 15-20%

1014 I Ny Y R(%) 8
Initial TESLA A 0o,

5 1013 parameters Q
73 Initial LCLS i
S i parameters o
S 1072 | Tolerable damage = 350 3
o (single exposures) o ?I__I
a S m
%_ 1011 \/\ ‘ 20% ’C_E
% 1010 | 15% 2
< 171s 10 fs 100 fs 1000 fs 2
(ol

10° |

1 O 8 CLASSICAL DOSE LIMIT at LOW DOSE RATES, LARGE SAMPLES

(~200 photon / A2, 10-12 keV X-RAYS)



Ultrashort and very intense X-ray pulses offer the possibility to

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

3.8 x 102 X-ray photons, 12 keV, 100 nm focus

SHORT PULSE (<50 fs)

<
<«

<
<«

LONG PULSE

SPEED OF LIGHT vs.
SPEED OF A SHOCK WAVE

DIFFRACTION BEFORE DESTRUCTION:
Capture an image before the sample has time to respond



Potential for biomolecular imaging DIFFRACTION BEFORE DESTRUCTION
with femtosecond X-ray pulses

_ " A
N S g Ba
Richard Neutze*, Remco Wouts*, David van der Spoel*, Edgar Weckert SehE el Eoes. *111;%41':%
& Janos Hajdu’ S R o
ke ] R~ TRaay

artment of Biochemistry, Biomedical Centre, Box 576, Uppsala University,
sala, Sweden

X-ray pulse

Sample damage by X-rays and other radiation limits the resolu- © SINGLE VIRUS PARTICLES

tion of structural studies on non-repetitive and non-reproducible —
structures such as individual biomolecules or cells'. Cooling can

slow sample deterioration, but cannot eliminate damage-induced 8

sample movement duri

Gon™ sugget that the SPEED OF LIGHT vs.
X-ray photons per A’
waveietfgth‘} ma.i be ext S P E E D O F A S H O

short exposure times. He _
investigate the structural information that can be recovered from °L\ RALe gt
the scattering of intense femtosecond X-ray pulses by single : &
protein molecules and small assemblies. Estimations of radiation
damage as a function of photon energy, pulse length, integrated
nmlse intensity and sample size <how that experiments using very
-." " ort exposures may provide useful
Y- radiation damage destroys the
e s O\ Bultrashort, high-intensity X-ray
s ~ ? that are currently under devel-
- JL_, - container-free sample handling
3 hniques, will provide a new
- ations with X-rays.

" _ t X-ray photons depositing energy
TERIA

Intengily [cpp}

velength, the photoelectric cross-

e s higher than its elastic-scattering
\ ' \ PRRR's \Nectric effect the primary source of
N i
\ ) 4
\ } £

t is a resonance phenomenon in
‘W electron ejected”, usually from a
\ ‘ 39 | ut 95% of the photoelectric events

o

RICN ' L Nature 406, 752-757 (2000)
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AIMING THE BIG GUNS
B

September 2000

TESLA
TESLA XFEL

First Stage of the X-Ray Laser Laboratory

Technical Design Report

Supplement

October 2002

October 2002
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PROOF OF PRINCIPLE Sihgis p“'_s_e::ﬁ“?? 401
1 February 2006 vl anir

.\Graded multilayer
mirror

Reconstruction (diffraction
Princeton CCD limited)
W

Nature Physics 2, 839-843 (Dec. 2006) I

First flash diffraction experiment at the
VUV-FEL



Reconstruction from the over-sampled diffraction pattern

Based on the Gerchberg-Saxton
error reduction algorithm

*Hybrid Input Output as
implemented in Shrinkwrap /
Hawk

*Uses a dynamic instead of a static
support.

*Uses a low resolution version of
the current guess as new support.

Filipe Maia (Uppsala University)



Crystallography needs crystals AND phases
(either from an experiment or a model).

Diffraction imaging appears to require neither.

Where does that come from?

A trip through the early literature of oversampling and direct methods (P. M. Coleman and J. Hajdu)



Bernal, J.D. & Crowfoot, D.
“X-ray Photographs of
Crystalline Pepsin”

Nature 133, 794-795 (1934)

brought us some crystals of pepsin
prepared by Dr. Philpot in the
laboratory of Prof. The Svedperg,
Uppsala...”

Wil
5Qth Anniversary Meeting,

bridge, 1984

= WS

JohrrPhilpot

Dorothy Crowfoot Hodgkin

“Four weeks ago, Dr. G. Millikan —}—
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1938

Bernal, J.D., Fankuchen, |.,
Perutz, M.F. “An X-Ray Study of
Chymotrypsin and Haemoglobln
Nature 141, 523-524 (1938).

Unit cell dimensions change, and

reflections move upon

hydration/dehydration.

“Studies of these changes provide
an opportunity of separating the
effects of inter- and intra-molecular
scattering. This may make possible
the direct Fourier analysis of the
molecular structure once complete
sets of reflexions are available in
different states of hydration. *

This is called “over-sampling”

today.
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1949

Shannon, C. E. “Communications in
the Presence of Noise” Proceedings
of the Institute of Radio Engineers
37, 10-21 (1949).

“If a function f(t) contains no frequencies
higher than W cps, it is completely
determined by giving its ordinates at a
series of points spaced 1/2W seconds
apart”
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What Sayre realised later was the fact that crystal lattices provide “critical sampling”



February 1952

Bragg, L. and Perutz, F.M. “The
structure of haemoglobin” Proc. R.

Soc. London A213, 425-435 (1952)
Received: 20 February 1952

“This paper describes the first steps in
an attempt to solve the structure of a
haemoglobin molecule by X-ray
analysis, using a direct method. It is
based on an extensive series of
absolute measurements of the
diffraction by various shrinkage stages
of a haemoglobin crystal, and
estimates based on many crystalline
forms of the general dimensions of the
haemoglobin molecule.”

See also “What Mad Pursuit ” by F.H.C. Crick.
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July 1952

Sayre, D. “Some
implications of a theorem
due to Shannon”

Acta Cryst. 5, 843 (1952)
Received 3 July 1952

“Direct structure determination,
for centrosymmetrie structures,
could be accomplished as well
half-integral h as by the usual

the F's at integral h.”

by finding the sizes of the |FI? at

procedure of finding the signs of

SHORT COMMUNICATIONS 843

contraction of 29 is largely in a direction normal to the
shearing movermment ;

Paramoter of y: o = 3-683 A;
whenes 3a.1/2 = 2535 A, §a,)'3 = 4140 A,

Parameters of £7 a = 2528 A, o= 4080 A,

The mechanism is of the type which produces & "Wid-
manstitten’ pattern of strain bands; and the contraction
assgcinted with the transformation limite the growth of
g around each nuecleus, A photomicrograph (Fig. 2) con-
firmg both the strain pattern and the absence of massive
precipitate, although individual phases cannot be dis-
tinguished.

Acta Oryst, (1952). 5, 843
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Some implications of a theorem due to Shannon. By D.Savee, Jobnson Foundation for Medical
Physics, University of Pennaylvania, Philadelphin 4, Pennsylvania, 1. 8, 4.

(Becedved 3 July 1952

Shanmon {1948}, in the field of commumeation theory,
has given the following theorem: If o function d{z) is
known to vanish cutside the points » = +a/2, then its
Fourier transform F(X) i& completely apecified by the
values which it assumea st the points X = 0, 4 1ja,
+3a, .... In fact, the continuous F{X) may be filled
in merely by laying dewn the funetion ain 72X /mX A
each of the above points, with weight equal to the valus
of F{X) at that point. and adding.

Now the slectron-density funetion diz) describing a
single unit cell of a crystal vanishes outside the points
x w d-af2, where a is the Ie:ngth of the cell, The reci-
procal-lattice points are st X = 0, 4+ 1/a, £+ 2a, ..., and
hemes the experimentally observable wvalues of F{X)
would suffice, by the theorem, to determine F{X) every-
where, if the phascs were known. (In principle, the
necessary points extend indefinitaly in reciprocal space,
but by using, say, Gaussian atoms both diz) and F{X)
can be effectively confined to the unit eell and the ob-
sorvable region, rospectively.)

For centrosyrunetrical structures, to be able to fill in
the |F|® function would suffice to yield the structure,
for sign changes could oceur only at the points whore
[F|* vanishes. The structure corresponding to the |F?
funetion ia the Patterson of a single unit coll. This has

Aecte Cryst. (1952). 5, 843

twice the width of the unit ecll, and henee to fill In the
[F* funetion would require knowledge of |Fj? at the hali-
integral, as well as the integral A's. This is equivalent
to a statement made by Gay (1951).

I think the conclusions which may be stated at this

1. Direct atructurs determination, for controsymmetrio
structures, could be accomplished as well by [inding the
mizes of the |Fi* at half-integral & 85 by the usual proce-
dure of finding the signs of the F's ot integral A,

FPerutz (18047) on haemoglobin, where |F|? was obaerved
at non-integral &, it would suffice to have only the values
at half-integral &,

The extension to three dimensions is obvious,
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1963: Rossmann and Blow

Connects non-crystallographic
symmetry to Shannon and Sayre.

First attempt to write down
relationships between structure
factors.
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1964: Rossmann and Blow

Another formulation of the
phase equations
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1966: Main and Rossmann

The generalised convolution formula
appears
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..applied to a small test case
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A matrix algebra formulation
opens possibilities to develop
rapid computer algorithms.
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application to a small test object

First indication that a large number
of iterations would be needed to
recover images de novo.
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The Tse of Non-Crystatlographic Symmetry [or Phase Delermination

By R A CROMGRITICH
Ndaliced Penenrch Counctl, Loboratorn of Aoizcular Slalezy, [l Roar, Cambeigre, Enginnd

CRencimed 13 Jomeery 1965
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Single-Molecule X-ray Imaging - Containerless sample handling

One pulse, one measurement 3. Nanoscale manipulation

l

Biomolecule/particle injection ‘

2. X-ray Laser Development

4. Data collection

Noisy diffraction
patterns

X-ray laser pulse

Combine many measurements 1. Theories of damage in ultra-fast imaging

=
LY - "y -
: o -
L E .-‘_ S v
! e
B i oy

Data frames Combined data set Reconstruction

5. Data processing, phasing & reconstruction




;' oubbles burst

~ Metabolically active cells have been
captured at altidudes Sf 20-70 km

CThe Telegraph

Sea plankton 'found living outside International Space Station’'
in ensmonants claim to have discovered oy manne creatures Thriving in rero-gravity on the




10-2000 nm

~2-100 o . Lofted p ~20 micron to ~5 mm

micron | frops
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THE EXPERIMENTAL SET UP

Random hits in random
orientations

108 mbar

Very little background

X-ray pulses
@120 Hz

One pulse, one measurement




AEROSOL SAMPLE INJECTION

AEROSOLISATION, : U=
EQUILIBRATION I
7

AERODYNAMIC FOCUSING: W.K. Murphy and G.W. Sears, “Production
of Particulate Beams” J. Appl. Phys. 35, 1986—1987 (1964).

The Uppsala injector

EQUILIBRATION |~ Focuses particles of 3-3000 nm

AEROSOLISATION s == intoabeam of a few microns

Differential
pumping




AEROSOLISATION

FLOW FOCUSSING: FIELD FOCUSSING:
Gas dynamic virtual nozzle (GDVN) Cone-jet electrospray (ESI)
sheath Capillary
\ Jet instability and . Jet instability and
AN ap d break-up 4 o ap d  break-up d,
e = = ‘- a e e - - *
0 —> * I o= — !
e - # - } . .
f.-—f Liquid jet Neutral L7 Maxwell AY Liquid jet Charged
/ droplets ¢ suriace siress droplets
' (uter
Capillary capillary High voltape source |
140
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Drop diameter [nm) Drop diameter [nm]



THE SMALLER THE DROPLETS THE LESS THE
CONTAMINATION ON THE SAMPLE

OCCUPIED DROPLET VACANT DROPLET

o — %

Sample particle Droplet Contaminant

+ contaminant layer cluster

Evaporation

—}:&

Droplet

Reducing droplet size is sort of “sample purification”



GENTLE VAPOURISATION with a GAS DYNAMIC VIRTUAL NOZZLE
DePonte, D.P. et al.. J. Phys. D 41, 195505 (2008).

) e

2 LIQUID FLOWS
NOZZLE
A THE GAS EXERTS A at 0.06 m/s

P “FLEXIBLE SQUEEZE’ HELIUM

ON THE JET /
HELIUM

Acceleration /
zone ~100 um
ILLUMINATED

NANODROPLETS
\ The fluid is moving ~1 m/s
faster in frontofa 1 um

object than in the back of it

LIQUID FLOWS at ~100 m/s




2. AEROSOLS FOR STUDIES ON
SINGLE MOLECULES / PARTICLES
(practically no added background)




’AEFMSOL-SAMPLE INJECTION




X-RAYS ON INJECTOR ON
running with water

A A
Py Py

CARBOXYSOME HIT

EVAPORATION CAN BE CONTROLLED BY ADJUSTING, PRESSURE, TEMPERATURE, LIQUID
FLOW AND GAS FLOW. WE AVOID DROPLETS COMING THROUGH THE INJECTOR.

M
A SMALL DROPLET A BIGGER DROPLET



SAMPLES TESTED SO FAR

CYANOBACTERIA
1-2 um

CARBOXYSOMES .
115 nm .

MIMI VIRUS
450 nm

CARBOXYSOME
115 nm

RV
Om TBSV
45 nm MS2

31 nm 27 nm Ferritin

13 nm
@ % . @ v @ @
RNA Pol I Rubisco
13 nm 12 nm

PARTICLE SIZES IN THE GAS
PHASE MATCH SIZES IN SOLUTION



1st RESULTS from LCLS - SINGLE VIRUS PARTICLES

THE GIANT MIMI VIRUS

Projection image

Photon energy: 1.80 keV
Pulse length: 70 fs (FDHM)
Focus: 10 um (FWHM)

1.6 x 10"° photons/um? . :
Seibert, Ekeberg, Maia et al. Nature 470, 78-U86 (2011).



From 2D to 3D structure determination

Individual exposures Self-consistent 3D data set Electron density map

EMC: Expectation Maximalisation and Compression
Based on Loh et al. PRE (2009)



|3 Selected for a Viewpoint in Physics week ending
PRL 114, 098102 (2015) PHYSICAL REVIEW LETTERS 6 MARCH 2015

4
Three-Dimensional Reconstruction of the Giant Mimivirus Particle
with an X-Ray Free-Electron Laser

Tomas Ekeberg,” Martin Svenda,! Chantal Abergel,” Filipe R. N. C. Maia,'” Virginie Seltzer,” Jean-Michel Claverie,’
Max Hantke,] Olof Iﬁnssun,’ Carl Nettelblad,' Gijs van der Schot,l Mengning Liang," Daniel P. I‘J\e:Pa::'urn:x‘:,‘1 Anton Harl:},'ft
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Artem Rudenko,'' Robert l-I,:irt:nmm,u Nils Kimmel,”'"’ and Janos Hajdu]"ﬁ
'Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala University,
Husargatan 3 (Box 596), SE-751 24 Uppsala, Sweden
*Génomique & Structurale - IGS - UMR 7256, CNRS, Aix-Marseille Université, Institut de Microbiologie de la Méditerranée,
Pare Scientifique de Luminy, Case 934, 13288 Marseille Cedex 9, France
*NERSC, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
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(Received 3 October 2014; published 2 March 2015)

We present a proof-of-concept three-dimensional reconstruction of the giant mimivirus particle from
experimentally measured diffraction patiemns from an x-ray free-electron laser, Three-dimensional imaging
requires the assembly of many two-dimensional patterns into an internally consistent Fourier volume, Since
each particle is randomly oriented when exposed to the x-ray pulse, relative orientations have to be
retrieved from the diffraction data alone. We achieve this with a modified version of the expand, maximize
and compress algorithm and validate our result using new methods.

DOI 10.1103/PhysRevLet. 114098102 PACS numbers: 42.30., 87.64.-t, 87.64.Bx




FROM BIG TO SMALL: SINGLE PROTEIN MOLECULES

Complex of more than
one macromolecules

Rubisco

1000 photons i-n the signal
1400 photons in the background

13 Radial average of data and model

Pulse energy = 2.55 mJ

Focus = 3-5 um

|  Wavelength = 1.55 nm (800 eV)

_ radial average Resolution = 10.5 nm at the edge and 7.5 nm
N Of the data | at the corner of the detector

~ Intensity on the sample: 0.01 mJ/um?

10

08

e

04t

02

%0 Rubisco model fitted —— — |

to the radial average ]
0.4

250 EIU{I EISCI J'-'I-Uﬂ 45#] EU{I 550 600 650 700

XFEL could give ~1000 x more photons

0.2+




IMAGING LIVING CELLS



THE OTHER DREAM: IMAGING A LIVING CELL AT HIGH
RESOLUTION

THE PROBLEM:

100,000,000 Grey is needed for a cell at 10 A resolutlon
20 Grey kills a human e
100 Grey kills a cell =
25,000 kills all known germs FL ¥

IN CONVENTIONAL STUDIES, THE FIRST HUNDRED
MILLIONTH OF THE EXPOSURE KILLS THE CELL

DIFFRACTION BEFORE DESTRUCTION CAN OVERCOME THIS PROBLEM

A SR LAEAEINAT R RN S T RN L TR
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FIRST FLASH DIFFRACTION IMAGE OF A LIVING CELL

FLASH soft X-ray laser, Hamburg, Germany, 6 NOV 2006

FLASH pulse length: 10 fs
Wavelength: 13.5 nm

RECONSTRUCTED
CELL STRUCTURE

Filipe Maia, Uppsala

| | | |
30 60 00 60 30
Resolution length on the detector (nm)
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Follow up in 2016 at the LCLS

ARTICLE

Received 1 Apr 2014 | Accepted 29 Oct 2014 | Published 17 Feb 2015 DO#: 10.1038/ncomms&T04

Imaging single cells in a beam of live cyanobacteria
with an X-ray laser

Gijs van der Schot'*, Martin Svenda'*, Filipe R.N.C. Maia"¢, Max Hantke! Daniel P. DePonte®?

M. Marvin Seibert'®, Andrew Aquila®®, Joachim Schulz®®, Richard Kirian?, Mengning Liang>,

Francesco Stellatnaﬂﬁ, Bianca Iwan“, lakob Andreassnn1, Micusor Timneanu], Daniel Westphaﬂ, F. Nunes Almeida’,
Duske Odic', Dirk Hasse!, Gunilla H. Carlsson', Daniel 5.D. Larsson', Anton Barty?, Andrew V. Martin®”7,
Sebastian Schorb®, Christoph Bostedt®, John D, Bozek? Daniel Rolles®, Artem Rudenko®®, Sascha Epp?,

Lutz Foucar®, Benedikt Rudek'?, Robert Hartmann'!, Nils Kimmel™12, Peter Holl'l, Lars Englert',

Me-Te Duane thm* Henry M. Chapman3'15, Inger Anderssan1, Janos H.?ljuzltJ"'5 & Tomas Ekeberg1

There exists a conspicuous gap of knowledge about the organization of life at mesoscopic
levels. Ultra-fast coherent diffractive imaging with X-ray free-electron lasers can probe
structures at the relevant length scales and may reach sub-nanometer resolution on
micron-sized living cells. Here we show that we can introduce a beam of aerosolised
cyanobacteria into the focus of the Linac Coherent Light Source and record diffraction pat-
terns from individual living cells at very low noise levels and at high hit ratios. We obtain two-
dimensional projection images directly from the diffraction patterns, and present the results
as synthelic X-ray Momarski images calculated from the complex-valued reconstructions. We
further demonstrate that it is possible to record diffraction data to nanometer resolution on
live cells with X-ray lasers. Extension to sub-nanometer resolution is within reach, although

N
{'r";
improvements in pulse parameters and X-ray area detectors will be necessary to unlock this
(0)

ijs van der Sch

potential.






LIVE CELLS IN MOLECULAR DETAlLS"
_Froﬁt"_.defé"czj"" _ [ T 12} Pé Back tept or TN | P Front detector
. ‘. g‘ {f j“ _"s .'.f L:‘H [‘#:h;
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Rty

Bergh M , et aI Fea3|b|I|ty of imaging I|vmg cells at sub- nanometer resolutlon

Interaction
point — &

Gap = 22.8 mm | Beam

dump
741 mm .
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Front detector Back detector

LCLS pulse
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2017: the European XFEL

QuickTime™ and a
decompressor
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Most of what has been presented here
had to be established from scratch.
And a lot more has to be done.

Alterelli: "There Is a steep learning
curve to climb, for experiments and

also for theory, in order to exploit these
potentials”



RESERVE SLIDES



The ultimate impact of X-ray lasers must be considered in
relation to recent developments in electron cryo-microscopy

Electron microscopy Ultra-fast diffractive imaging
Excellent cross sections Long penetration depth, big objects
Phases fs-as time resolution

Long history fs-as pulses: Better cross sections !
Great S/N from 2012 onwards Damage can be ~eliminated

Many instruments Millions or billions of exposures/day
but Access to fs-as DYNAMICS

Short penetration depth (sample size)  but
Small field of view (small sample size) Phases need to be determined

Low scattered flux per exposure A few of these machines exists
Low temporal resolution New field and learning
Frozen state, background from ice FEL pulses are weak today...

...these pulses are great for xtals!

Both methods have tremendous potentials but none of them is
perfect.



What is image reconstruction?

*Image reconstruction methods try
to recover an image of an object Object
from it’s diffraction pattern alone.

Detector

N\

_h.-

f(x)—> |F(F(x))|“+w(x)

*This is done by solving the inverse of q(x) = |F(f(X))|2+ w(Xx)

the problem of calculating the
diffraction pattern of a given object,
and as such fall under the category of
iInverse problems.
F(x)



Fundamental difficulties

*Only the magnitude of the complex ﬁ ' ==|I;(f(x))|
function F(f(x)) is known (famous 4=
phase problem).

Real space Fourier space

*The problem is ill-conditioned,
meaning that small variations in the
input give rise to big variations in
output.

~ Uncertainty zone
due to noise



Fundamental difficulties

Real space Fourier space

*The problem is further ill-posed due
to noise in the diffraction pattern.

*Unless the diffraction pattern is
oversampled (bandwidth limited), the
problem is also underdetermined.

B Acceptable solutions

Uncertainty zone
Bandwidth limited Space limited

FT Oversampling degree ()
_—
o = b/a

b




Additional difficulties

*The incident light is not perfectly
monochromatic causing blurring of the
diffraction pattern.

*‘Beamstops limit the availability of low
resolution data.

*Radiation damage can cause changes in
the object during exposure.

*Some pixels in the detector are usually
saturated.

FFF



Phasing and deconvolution

*The problem of phasing |F(f(x))| is
equivalent to the problem of deconvoluting  F-1|F(f(x))|2 = f(x) * f(-x)
f(x)*f(-x).

Fig(x) = f(x) * f(-x)
*Due to the convolution theorem the

autocorrelation of f(x) can be directly f( }()
calculated from the diffraction pattern. .
*The autocorrelation function can be used f(x)*f(-x)

as a starting point for the reconstruction. .

f(x) * f(-x) # 0

contains f(x) # 0



Reconstruction methods

Ps projection Pm projection

*Almost all phase retrieval methods are
iterative fixed point schemes.

*Based on the Gerchberg-Saxton error
reduction algorithm.

*Use constraints in real space (support) 1
and Fourier space (intensities)

*‘Make use of 2 projection operators, Object
usually called P_and P_

B Support



Algorithms overview

*Large number of existing algorithms.

*Addition of the relaxation parameter (p).

*H|O is still one of the more used ones.

*None of the existing algorithms by
themselves is enough.

FT

Fourier Space
constraints (Pn)

FT
<«

Real Space
constraints (Ps)




Resonant scattering beyond one photon at a time

Spontaneous Stimulated
Absorption resonant resonant
scattering scattering
valence state valence state valence state
: ; spontaneous - stimulated
absorption absorption i absorption ot
VWA WA Y Lq APV WL W VL V- AN
"‘l‘"’l,“ VAN VANAANASR
v v
= = g = =
core state core state core state

Spontaneous scattering is random = on average a “spherical wave”

Stimulated scattering is directional = cloned photon pair propagates
in forward direction

At high intensity all x-ray emission -, sample becomes transparent
processes become stimulated (Stéhr and Scherz, PRL 115, 107402 (2015))

Jo Stohr, SLAC



One-photon versus two-photon diffraction

Spontaneous diffraction - each photon interferes only with itself

_ Airy pattern N

Intensity (log scale)

Momentum transfer g

Jo Stohr, SLAC



DIFFRACTION BEFORE DESTRUCTION has now been
demonstrated to Angstrom resolution on CRYSTALS, and to nm
resolution on VIRUS PARTICLES / BIOMOLECULES

Photosystem | Mimivirus
N ™ -
WORKS WITH WEAK PULSES NEEDS STRONGER PULSES

Outrunning damage is routinely exploited in practically all applications
of X-ray FELs
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