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Scientific Experiments

DESY Photon Science Annual Reports 2010 - 2018 (PDF)
http://photon-science.desy.de/research/scientific_media/desy photon_science_annual_reports/

Hasylab Annual Reports 1998 - 2007 (Web Versions) and DESY Photon Science Annual Reports 2008 - 2009 (PDF)
http://photon-science.desy.de/research/scientific_media/desy photon_science_annual_reports/archive/
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tific Experiments with photons at f;
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24 Undulator Beamlines Physics, Chemistry,
About 2000 Scientists from about 400 Institutes Biology, Medicine
about 4000 hours of user beamtime per year

Scattering and Diffraction

« Small Angle X-Ray Scattering (SAXS, USAXS, GISAXS, ASAXS)
- Diffraction and Crystallography (General, Powders, Proteins, High Pressure, Surfaces)
Spectroscopy

« XUV Fluorescence Spectroscopy
« X-Ray Absorption Spectroscopy

« X-Ray Photoemission Spectroscopy

» Inelastic X-Ray Scattering (Nuclear Resonant Scattering)

Imaging

« Microtomography Weak Signals

« X-Ray Micro Fluorescence e.g. High Collimation

e.g. Small Samples
Time resolved measurements
Tunable wavelength
Time Structure

Experiments concentrate on experiments with small focus primary beams (um, nm)



PETRA Il Facilities

cEilt
, Surface Science (P01, P03, P08, P10)
PO1: Nuclear Resonant 'a'h'd'i'riél'éé‘tné’ét:attenng»»,;, ,,,,,,,, i | Thin films, Wetting phenomena, Phase transitions
2.5-80keV, Resolution 1 eV to 1 meV, sub-micron.spatial resolutlon Materials Science (P01, P02, P04, P07, P09, )
PO2.1: High-Resolution Powder Diffraction ! Catalysis, Magnetism, Superconductivity, Metallic
60 keV, Resolution .
P02.2: Microdiffraction under Extreme Condit'“ ns Glasses, Batteries
25-60 keV, high pressure, high/low temperatures Soft Matter Research (P01, P03, P08, P09, P10)
P03: X-ray scattering wuth micro-/nano- focus - Polymers, Colloids, Glass Transitions
0 - 23keV : Earth Science (P01, P02, P08, P09)
P04 Variable Polarlzatlon XUv-Beamline . ' | . . .
250 - 3000 eV High-Resolution Photoelectron Spectroscopy VVVVVVV ' ~ High Pressure Researeh, Geophysics, Mineralogy,
PO5: Imaging Beamline S, i ~ Trace Element Analysis
5-50keV  Micro- and Nanotomography “ Life Science (P11, P12, P13, P14)
Phase- and Absorption Contrast imaging, Protein Structure, Drug Development
P06: Hard X-ray Mlcro/Nanoprobe o
5-21 keV Visualization with micro- to nanometer resolution using X-ray Fluorescence, abst
Coherent diffraction imaging, Ptychography
PO7: High Energy Materials Science
30 - 200 keV, Microfocus
P08: High Resolution D|ffract|on Small angle Scattermg, eflectivi
5-29 keV, Microfocus
P09: Resonant Scattering and Diffraction, XMCL
2.7 - 50 keV
P10: Coherence Application
5-25 keV Photon Correlatio scopy, Coherent diffractive imaging of nanostructures, Rheo-SAXS
P11: Bio-Imaging and diffraction
5-30keV, Micro/Nanobeam, Biological Samples and microcrystals
P12: Small Angle Scattering at biological samples (proteins) in solution
P13/P14: Macromolecular CrystallographY



Scientific Experiments
Scattering & Diffraction
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ics of an Elastic Scattering Experi

p(r) == (k) =l ,0F[p(n]|?
Fourier /4 |(k)

Transformation

kz A/

p(r) I(K) ,’
Inmdent beam

Kinl = |Koul = 1/A
\A
k
y
% [Hin(O)
Collimated /]

Monochromatic (A)

Real space Reciprocal space
No direct back-transformation possible, because phase is lost!
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Protein Crystallography (PX)

Tiny samples
Huge unit cells
Light elements
Sensitive to radiation damage
High resolution necessary
narrow energy band
high degree of collimation

q

High brilliance required

MMMMMMM



Protein Crystallography (PX)
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Protein crystal: Yeast Proteasome (50000 Atoms/unit cell)

Resolution 0.09 nhm, mean position error 0.001 nm
Even Position of Hydrogene Atoms resolved!




Protein Crystallography (PX)
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Resolution 0.09 nhm, mean position error 0.001 nm
Even Position of Hydrogene Atoms resolved!
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Protein under construction

Aminoacid
Q/

Subunit (30S)

Ada Yonath:

- Head of the MPG-work group
,,Structure of the Ribosome”
at DESY, 1986 - 2004

- Nobelprize Chemistry 2009

With T. Steitz and V. Ramakrishna

Schllinzen, ..., Yonath, Cell, 102(2000)615



Layout of a SAXS Instrument f

Aperture Slit (S,) Guard Slit (S,)

Sample Position D Detection Plane
=
] Slit 2 Detector
Fixed exit Slit 1 (Guard slity Sample (CCD)
Monochromator (Aperture)
Si-111 Beamsto
(SHT) X 2nd Mirror \ P
1st H slits V focussing

'

Wiggler

H focussing
l Pt coated Si Focus on Detector
(D - ¢
\ 7 ] | LSD=1.8m - 13m
— | I N
| | o | | /
0 20.2 27.7 31.7 322 326 354 42 44

Distance from source [m]



Xperiments Using Synchrotron Radis

(1964 — 1975)

* 1970: Small angle X-ray scattering on muscle fibres
Rosenbaum, Holmes, Witz, Nature, 230(1971)435
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Example:
Polyethylenterephtalate SAXS
(PET) —

HO—CH,—0+C
o

4n

= " [&in(@ ~—W
Qmax A ln( )
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Long Period

Q= Il(q)qqu =277 [ [ﬂl = CD) [GA,O)2

@ﬁ—o CH2 CHZ—O H

5/WAXS at lamellar polymer syste f;

4 Intensity
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lved in-situ SAXS: Recrystallisatio f.

Intensity ﬁ

6

Time t/ min.4

<+—— Scattering Angle

4 Lamellae spacing (Long period) / nm

7

N\

4 Q/ arbitrary units A T/°C
Sample Temperature T |
’ 200
- 100
0 2 4 6 8

Annealing of PET, previously crystallised at T,=130°C,

recrystallisation at T,=230°C



3ring of Anisotropically Oriented mat

isotropic

X ray beam

Sample

anisotropic

5

X ray beam

Detection plane




drmation of an SBS-Triblock Copol
(Thermoplastic Elastomer) f;

A = Lfinal :1
L

A

initial

PS PB Electron
micrograph

80% Polystyrene ocwoet i

20% Polybutadiene ‘..’s‘;'.a's'-:e::-""‘ b vt

—> PS cylinders in PB-Matrix Pisesesnesnil Li

Y gesegttosny ot



J Incidence Small Angle Scattering ( f_

(+2]

o

F
Log intensity

Log intensity
w

Detection
plane

g,-dependence 2r
(in-plane) i
—>height H

0.001 €01 01 1
gy [nm™]

Specular q,-dependence

peak (out-of-plane)
- lateral distance D,
lateral size R
qy
0,=2TUVA sin (0;+0)
Method only probes thin layer

q,=21VA sin(28)cos(ay)
on surface




Sputtering Equipment at PETRA Il

Side view

Top view
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Situ Real-Time GISAXS Expe %
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In-Situ Au sputtering on PS
| The System:

O(/u)=(8+1) nm
O(PS) = (91 £ 2) nm
O(SiOx) = (6% 2) nm

spin casted polystyrene thin film (M,, = 270 kDa) on
acid cleaned silicon with correlated roughness

 wavelength=0.1 nm

* Dgp=18m

e PILATUS 300K: Frame rate = 10 fps
* Deposition time: 1013 s

* Deposition rate: 0.0082 nm/s

. Schwartzkopf et al., ACS Appl. Mater. Interfaces 7, 13547 (2015).
Intensity



ics: Flow Assisted Assembly of Na

Schematic illustration of the microfluidic setup

Nanocellulose (NC):
rods of crystalline cellulose,
length= 100 — 1000 nm, width=3 —10 nm

N. Mittal et. al., ACS Nano (2018)

Specific strength [MPacm®g™']

2000
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best strength

and stiffness to

1000 |-

100 |
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Present
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Diffraction Imaging of a
/ r Measured diffraction

[ » additional genes [inc. ominoactyl RINA synthetases
g | \ N wgor, lipid, and amino acid mesobolim)
=1 4
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acanthamoeba

polyphaga mimivirus RS

Wavelength = 7 nm
NA ~ 0.51

W) —> FFT
1

Real Space Constraints Modulus Projection
2D reconstruction

Samples: Uppsala University and CNRS, Aix-Marseille Université

FEL experiments: CFEL @ DESY, Uppsala, SLAC, MPMI

Chapman, Hajdu et al.



n correlation spectroscopy /ff
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Simulation of Brownian motion

— Real space
2 15.0} -
~ 125}
5 10.0
= 75}
= 50t
& 25¢
0 0.005 0.010 0.015 0.020
Q (&™) .
Diffraction of coherent light from a disordered ' ; ﬁ-'“ ' ’ Diffraction
sample leads to a ‘grainy’ diffraction pattern _ i T:l n " ‘| pattern
(speckles) . l:.a"t . .,;} . 5




Scientific Experiments
Spectroscopy
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Energy

Basics of X-ray Spectroscopy

. Ekin = hv - AE
Continuum

.

ry
hv
\\
I‘III
2p ¢ Ly
2s o L,
AE
1s o

hv, (Fluorescence)

/ / e (Auger

2p

hv

L/

Electron)

Internal
photoemission

1s

X-Ray Absorption Edges
(example Titanium K-Edge)

HHHHHHHH

Cf

f', absorption |

Titanium

Energy / keV

f(s,E) = f, + T '(E) + i f "(E)

Atomic scattering Amplitude



Ray Absorption Spectroscopy (XA
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Linear absorption coefficient U

=1,

.

hv

Detected Signal: Absorption
or Fluorescence as function of

A

Photoionisation of a K-electron in the
Jed“ ad-atom 2>

Fl’ee e|eCtr0n Ekin = hV - Ebinding
- Electron Wave with wavevector

k - 2m€ Ekin
h

> energy of incident radiation

Fermis ,,Golden Rule*
u |:| |<ch| H |CDI>|2|:6(Ef_ Ei 'T](A))
/ N Initial state

final state  @;= Pg1g0ing+ Poackscattered



V' Absorption Spectroscopy Experiment's

uorescend




T I T T T T I T T T T I T T T T I T T T T _|
- { Energy calibration C
—_ i ] Background subtraction -
3 0 ~ Normalization .78 I~
5 i 1 E to k conversion -
g i | &
S 051 _ 0.5 -
o] - 4 _ -
[y | i > -
i ] 0.25 |-
-0.75 - — i
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] 0.0 L
20 20.25 20.75 -5
16 (b) Mn-O —— Pristine LiZMHO3 ina battery
----- 2V (1% cycle)
--------- 2V (33" cycle) 159 (a)
Fourier-
e Transformation
= <
E X (k)

=Ray Absorption Spectroscopy (EXAF
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KA .
M, Subtraction

Rana et. al., Adv.

Energy Mat., 2014

Pristine
-2V (1% cycle)
,,,,,,,,, 2V (33° cycle)




je X-Ray Absorption Spectroscopy

GGGGGGGGG

Position of Edge
—> information about chemical binding state of element
[ —p
0.0 [ EXAFS
5 [ - information about interatomic distances
© L
S 025 XANES shows a ‘Fingerprint’of a
s I single material and can be used
2 0.5 [ via Pripcipal Componenzf |
< U0 Analysis (PCA) for quantitative
- analysis
-0.75 [
- —p
1 1 1 I 1 1 1 1 I 1 1 1 1

20 20.05 20.1 20.15
photon energy [keV]

Pre edge (inner atomic electronic transitions)




AS: In-Situ Time Resolved Experi f;
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Instrumental development: QEXAFS (piezo scanning)
Study of solid state transformations in catalysis

Activation of a CuO/ZnOQ/Al,O,
catalyst for methanol synthesis:

* In-situ reduction in H, gas flow at
elevated temperatures
* 50 ms time resolution

* Detailed analysis of transient
chemistry (here Cu,0)

« Experiment done at BW1

Absorption

10

[ Y [ I
CuO
i Cu K-edge
change of

— chemical bond .
| edge - shift / Y _

// Time (6 min.)

| 3600 spectra

\ L | ! | ! | ! | ! \ ! |
8970 8980 8990 9000 9010 9020 9030
Photon energy / eV

J.-D. Grunwaldt et al., J. Phys. Chem. B 105, 5161 (2001)



€0 Science Experiments (High p,
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1750t press for in situ studies of large sample volumes.
Maximum pressure: ~ 25 GPa
Temperature: > 2000 K

Study of material under the conditions of the earths
lower mantle.

Temperatur [°C]
0 2000 40006000 8000

1000 P =12 GPa

2000
P =140 GPa

\YI P =330 GPa

3000

auBerer
4000 Kern

Tiefe [km]

5000

6000




glastic X-ray scattering under High Pre

Intensity [a.u.]

Energy [meV]

Determining the acoustic phonon dispersion
E(Q) at a given pressure by means of
inelastic X-ray scattering

Specific mass [kg.nm3]

G. Fiquet et al., Science (2000)



olved Photoelectron Spectroscopy
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Pﬁ‘)toelectroﬁnalyzer

Py K e
LASPHERE at PETRA H1 (P04)
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Scientific Experiments
Imaging
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g with confocal X-ray Micro /ﬁ

Micro X-ray Fluorescence on Daphnia Magna
(water flea)

Unexposed Daphnia Zn exposed Daphnia Ca conc

Principle

DORIS 1l beamllne L detection incident beam

Focus 10 um

laboratory
y-absorption-CT

Zn conc

[Hgiem?]

1 mm




Raster Scanning X-ray Fluorescen ﬁ

Vi

ncent van Gogh: Meadow with flowers

- 7

B e o Typical fluorescence spectrum
= S T e s SN in a single pixel
@ 1500F R d
S Pb -
3 1000: :
> i 7n :
i nas g Cl]l X
E 500 C|r: Pb AL Ba
T OF é
X Ofwbongrsty '

5 G 1% 20 25 -5
Energy, keV

HPGe-detector

Raster scanning along 90000 pixels

with 0.5 mm resolution Pb'smewin?[]] {/\ microscope
C

cross slits
apillary I absorber

(optional) L
I-B---- -—-El----l--c:»—-
Xyz- sample !

beam- sample ; ionization] ~  white SR
stop stage 455" chamber 1

ionizationX_45° I
chamber 2

Doris Il
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Parallel Beam X-Ray Tomography

HHHHHHHH

SR Beam (60 — 100 keV)

CCD Detektor

Sample

Sample: LED at
60 keV




Picea abies
(spruce)

20 um

Determination of the microfibr

Microfocus SAXS and WAXS)
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Focus 2x2um?

w=45°

Fiber geometry

SAXS

H = 20.4°(£0.6°)

WAXS

1 = 20.0°(0.6°)

Lichtenegger et al. J. Struct. Biol. (1999)




rangement of cellulose fibers in the wog¢

(Scanning Microfocus SAXS) (i =

o 2 ' A
.. 900809 002200039 T
\\\ : L)G“a : N W - O ed * 4 -— - - - vaa - (//‘/
S~ 000000002200 202 2200008 4 r/‘/:/t¢$“‘w$“\\’/'/
N ~wow vy
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A0 CH L
SEPRCLLE L5 R SOECE i

, Focus 2x2um?
Cellulose H

fibrils

Z-Helix

Lichtenegger, Muller, Paris, Riekel & Fratzl
J. Appl. Cryst. (1999)




Experiments at FELs
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@ Coulomb Explosion
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Time=0 2 5 10 20 50 femtoseconds

,Coulomb Explosion” of a molecule in the strong electric field of an FEL X-ray pulse



Resolution 50 nm

afast Coherent Diffractive Imaging at

incident
beam path

sample plate

multilayer
mirror

H. Chapman et. al., Nature Physics 2, 839 (2006)

HHHHHHHH

1st shot

Image
Reconstructed
From

1st shot

2"d shot
(target destroyed)



ate Goal: Single-Molecule Diffractio

mmmmmm

X-rays

Particle selection

Detector




ite Goal: Recording the “Molecula

Molecular beam

1. Laser flash

triggers reaction 2. Laser flash takes

instantaneous "snapshots" rr

Snapshots for different times after excitation (pump-probe spectroscopy)

- “motion picture” of the reaction dynamics (in contrast to reaction kinetics).

HHHHHHHHH
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Serial Femtosecond Crystallography S

Liquid Jet

X-ray Fast liquid jet for sample delivery

105 ns 197 ns 290ns 382 ns 474 ns 567ns 659ns 751 ns 844 ns 936 ns 1028 ns

o0 O

FLASH

=
o
(

<

o
o
.
o
o
L

00000 ©




al Femtosecond Crystallogre f

,Diffraction before
Destruction”

Acquisition of scattering patterns
Classification and accumulation
Distribution in 3D reciprocal space
Reconstruction of structure in real space

detector

PWNR

~——

micro-jet ¥

Single pattern

7 o7 o W [ o W W W
o7 o7 o7 W 7 o o7 o7 o |
o o7 o7 7 o o o o W
w7 o7 o o o o o o o
w7 o o7 o & o o o W
w7 o7 o7 o7 o o o o W
w7 o7 o7 o7 o o o o W

Electron density
in real space

(accumulated) orientation classes

Intensity in reciprocal space



SFX Data Processing Stag f;

Steve Aplin, Anton Barty

- T .
On site On site

European

XFEL e
LA LRl e e ] CI’)IStFEL
Py o < heetah / (SFX analysis)

X W Full analysis and

.' Tom White
= data reduction \
Onda :

Single particle imaging

(real time) - BEF I 23N

Kartik Ayyer

Valerio Mariani Anton Barty, Oleksandr Yefanov Andrew Morgan
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ric Effect at Ultrahigh Intensities (F

ion TOF spectrometer
. multiplier|
t—k (™ jons ultiplie
q
FEL beam €<—>
| ‘4
aperture o
stop . EUV mirror
15+ 1+
17+ 1:
7“ |'1 12+ 2+
1
\ 6+
3+
\13+ x
Vil e e
\
|7.sx1u‘5w;-m*‘\‘ 5l LL 'y Intensity / arb. units
: Sl Jﬂ b los
= ~
SN N\
; o4 i I " .{1 i \\ o 10.6
14 e e vy
1.4x10 Wcm E \“ l 3+ {0.a
- : i 10.2
El el
" \\..[ Al

35404550 8 11 14

Time-of-Flight / us

-

lonization energy (eV
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5000 [

1000

100

[9))
o

atom 2+ 4+ 6+ 8+ 10+ 12+ 14+ 16+ 18+ 20+
Xenon charge state

13.5nm =91.8 eV

Dramatic changes in the ion charge
state at high power densities

One atom has to absorb more then 50
photons!

Phys. Rev. Let. 99, 213002 (2007)



Pump Probe Experiment f
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Reference (ili) Sample
Object

(Sample)

{iv) Mirror

(i) FEL beam

{vi) Transmitted

13.5 nm beam

-Gps 10ps

(i) Pump laser

Correlation G(q)

{v) CCD camera
o
15ps 20ps
P
M
\ N
2 i
SEM image —5ps
o
= 0 i 40ps 140ps
q : . - - z : ; 10ps 15ps
0 5 10 15 Polarization direction
Spatial frequency, g (um-) Reconstructed images (phase retrieval)

Correlation between actual and initial pattern quantifies progressive loss of mesoscale order (explosion speed about 5000 m-s)
A. Barty et. al., Nature Photonics volume 2, pages 415—419 (2008)
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on Science Facilities on DESY Ca
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Center for X-Ray and Nano Science
Center for Free Electron Laser Science (DESY, MPI, UniHH) CSSB = Centre for Structural Systems Biology
MPSD = Max-Planck Inst. For Structure and Dynamics of Matter

CXNS

CFEL
CHyN = Center for Hybrid Nanostructures



