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What can not be done anywhere else in the world

Users travel! A lot.
They will go wherever is best for their experiment. Worldwide.

Need to think about the competition - what is already possible elsewhere?

What can not possibly be done anywhere other than EuXFEL!?

- 17.5 GeV linac is unique

- MHz pulse trains are unique

- 27,000 pulses per second is unique

- Capability for m) peak power is world class



A range of X-ray free electron lasers are available worldwide

World map of x-ray FEL facilities

European XFEL
Schenefeld + Hamburg | DE

PAL-XFEL

PAL, Poh KR
FLASH | FLASHII 2iand |
DESY, Hamburg | DE

. SACLA
LCLS LCLS-II SACLA
SLAC, Menlo Park | US 4 RIKEN, Harima | JP
SwissFEL
PSI, Villigen | CH
FERMI : SXFEL
Elettra Sincrotrone Trieste, _ ' oy SINAP, Shanghai | CN
b Trieste | IT | SRS N SHINE
B Hard XFEL T ;
xg{j 4 e <
B soft XFEL ;
Aul Under construction/in development s_s

Source: Thomas Tschentscher
Where is the real gap in capability, or capacity?

What options for tunnels 4 and 5 can not be done elsewhere!



Future potential in the experiment hall
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Tunnel 4 could host both a super-hard X-ray branch and

dedicated SFX instrument for routine structure determination

Deflection mirror Super-hard X-ray branch
(25-100 keV)

for new experiments

Switchable undulator

Hard X-ray branch
(8-20 keV)
dedicated to routine SFX

The SFX instrument is already being integrated at SPB

f upstream Attraction:
interaction » Stable configuration
* Demonstrated and unmet user demand
* Useable whenever the other branch is not used

FEL . x'I Refocusing ¢ ®.

Kirkpatrick-Baez A I \

mirrors .
(choice of Stopper, puls
| micron or |M detector p!cker, a|.1d
0.1 micron diagnostics




Scientific Background

Photosynthesis transformed our planet 2.5B years ago producing oxygen, capturing solar
energy and CO,, that slowly converted to fossil fuels.
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Kern et.al.
Nature Communications, 2014
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The majority of biochemical dynamics are initiated by chemical
triggers, such as the RNA riboswitch measured at LCLS

Crystal flow
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XFELs are used to solve difficult to crystallise and radiation
sensitive proteins, and for time resolved structural dynamics

Lysozyme

Angiotensin
Thermolysin

; 4YAY
4ZIX, 5Cél, 5Cé}, 5C6L, 40Ws3, ATPase 4ZW| 5K2D, 5K2C.
4RW I, 4RW2, 4N5R 4TNL,5DLH 5K2B, 5K2A
- 4XOU P v s ri
et 30s ribosome o oS W *%,
o i 5BR8 i g
SNARSECEZ%mPIeX 5-HT2B  Smoothened DgkA d-opioid
e ANC3 409R 4UYO 4RWD

$
CathepsinB Cry toxin f / N
AHWY 4Qx3,4Qx2,  Phytochrome BinAB Phycocyanin CPV17 PAS-GAF
4QX1,4QX0 5MGO0, 5MGI,5L8M  5FOY, 5FOZ, 5G37, 4Q70,4Z8K,4Z1Z 47QX

5L8M

Myoglobin (x15) PYP

4PN, 5CNG, 5CNF, 4WLA, 4WL9, . .
+ ’ ’ ’ . . .
Ph3%E:OSY:::$I)|(R|LI()>((|6) 5CNE, 5CND, 5CNC 5HD3,5HDS,5HDD,  Reaction centre Bacterlgl;f;\odopsm Riboswitch
Q. 4FBY, 4IXR, 4IXQ, SCNB, 5CN9. 5CNg,  SHDC, 5HDS, 4AC5, 4CAS, ) SSWVE, 5SWD, SE54
4RVY, 5E7C, 5TIS, 5KAI, 5KAF, ’ ’ ’ ’

5CN4, 5CMYV, 5]JOM

From LCLS: >90 From SACLA: >42



Serial crystallography data is merged from thousands of separate

crystals each exposed only once
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Gas dynamic

Pump laser on virtual nozzle

Optical fibre <C— '
laser coupling CSPAD detector
LCLS beam

5-9 keV X-ray energy

10 fs pulse duration

Pump laser
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First user experiments at the European XFEL
started on |4 September 2017

_ High data rate needs pulse trains
it i not competitive with other FELs

| or 4 MHz IOHZ

- ¢
600 ps /
100 ms 100 ms



The first EUXFEL experiment at SFX/SPB was an open collaboration
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SFX at the European XFEL

Pulse1 Pulse2 Pulse3 Pulse4 Pulse5
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Liquid jets explode in the X-ray beam and need to recover before the

next pulse

nature
physics ART ’IVCLES

PUBLISHED ONLINE: 23 MAY 2016 | DOI: 10.1038/NPHYS3779

Liquid explosions induced by X-ray laser pulses

Claudiu A. Stan'*, Despina Milathianaki?, Hartawan Laksmono', Raymond G. Sierra’,

Trevor A. McQueen?, Marc Messerschmidt??, Garth J. Williams?, Jason E. Koglin?, Thomas J. Lane?,
O n S 1 8 O n S 3 O u S 5 5 u S 1 O 7 I'L S Matt J. Hayes?, Serge A. H. Guillet?, Mengning Liang?, Andrew L. Aquila, Philip R. Willmott24,
- - - Joseph S. Robinson?, Karl L. Gumerlock?, Sabine Botha®’, Karol Nass®, lime Schlichting®,
Robert L. Shoeman®, Howard A. Stone® and Sébastien Boutet?
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Shock waves
propagate even
faster

0.75+£0.08 mJ, 8.2 keV XFEL pulses in a 20-um-diameter water IZOO LLm

Claudiu Stan, SLAC, Nature Physics, 2016



Fast jets recover in time for the next pulse at |.| MHz repetition

rate

t= 37 ns

|00 m/s

9.3 keV

580 mJ XFEL pulses

|0 ym FWHM focus (or smaller)
|.1 MHz repetition rate

Max Wierdorn, Claudio Stan

3D printed nozzle:
Juraj Knoska, Sasa Bajt, Michael Heymann



Fast jets recover in time for the next pulse at |.| MHz repetition

rate

t= 37 ns

|00 m/s

t= 37 ns

Max Wierdorn, Claudio Stan



Fast jets recover in time for the next pulse at |.| MHz repetition

rate

t= 37 ns

|00 m/s

Max Wierdorn, Claudio Stan



CFEL-designed fast jets recover in time for the next pulse at

.| MHz repetition rate

t= 37 ns

|00 m/s

t= 37 ns

Max Wierdorn, Claudio Stan



Burst mode means 99.4% of sample is wasted

t= 37ns

|00 m/s

99.4% of sample is wasted between bursts

600 ps
— “ 99.4ms

/___



The Adaptive Gain Integrating Pixel Detector (AGIPD) can read out

3520 frames per second with MHz pulse spacing

‘”\ A % A Pixel circuit overview
| " 4 '

Preamp RS | CDSRS
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Ct mid ||
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. low } CDS stage Pixel buffer even row

Double column
buffer (x64)
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Preamplifier stage Veet swching

Readout chain

Pixel (x4096) | Cmd based IF, periphery, DACs|
|

AGIPD 1.0

Analog information from

1 M Pixels 1€ . ] ] which offset and gain for each
4.5 MHz pulse rate . : Adaptive gain readout / gain stage are extracted
3520 frames per second = Hi e
.7{GB per second - _, | 11000- Med
25/TB per’hour 10000 - Low
9000 - /
Energy range 3keV-18keV 8000 -
Frame rate > 4.5MHz (burst) B - a \
Memory depth 352 frames 7000
Dynamic range 1 to 104 photons/pixel/frame at 12.4 keV 6000 1. Gal.n bit mforma.tlon (se.prate.frame)
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. . . . . 5000 B . . . . .
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Single Photon sensitivit Yes . .
g y AGIPD consortium, Heinz Graafsma, DESY



The AGIPD detector measures diffraction patterns with low noise
and high dynamic range thanks to dynamic gain switching
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Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9,4025 (2018).



The distribution of peak intensities shows higher dynamic range

than the CSPAD thanks to dynamic gain switching

./hdf5//r0066-lys/peaks.txt tutorial-cell.stream
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Anton Barty, Helen Ginn: AGIPD corrections + Cheetah integration
10 Nov 2017



Crystal hits are evenly distributed through the pulse train

10

Distribution of crystal hits through the pulse train

Proportion of hits (%)

¥/ 100m/s
—¥ 75 m/s
a——~A 50 m/s

Wiedorn

2 4 6 8 10 12
Pulse ID

14

Number

Indexing and integration results per pulse

2500 1.00
- - 0.95
2000 - -7 =" S<e==-"" 777" =~o
- 0.90
1500 - - 0.85 5
O
-0.80 ©
[0}
3
1000 L 0.75
- 0.70
500 A
Bl Hits
B Indexed - 0.65
Bl Crystals
0 - - 0.60
1 2 3 4 5 6 7 8 9 10 11 12 13 14
XFEL pulse ID

et.al. “Megahertz serial crystallography” Nat Commun. 9,4025 (2018).

September 2017:
|5 pulses per train
|50 pulses per second



Lysozyme data confirms an accurate structure can be measured to

|.76A resolution using MHz pulse trains

PDB: 6FTR 2mFo-DFc map (1.50)
and mFo-DFc map (30)
over residues 33-55

Number of lattices: 25,531
Resolution: 1.76A ¢
Rwork/Riree: 0.157 / 0.173
Average Biso: 30 A

o

RMSD bonds (A): 0.007
RMSD angles (°): 0.99
CXIDB: ID-80

0RM§D(angles)

0.59

Clashscore
0.410 2.36

2.960
15.560

4

R-work W 0 B 7EE R-free

0.1242 0.1341
0.1676 0.1931
0.2308 0.2829

There are over 1800 Lysozyme PDB depositions for comparison

ve

Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9,4025 (2018).

Average B RMSD(bonds)
4.2 0.003

38.5 0.003
48.4 0.027



We solved the unknown structure of Beta-lactamase CTX-M-14

to 1.7 A using data from 12,500 indexed lattices

PDB: 6GTH

Number of lattices: 12,474 A

Resolution: 1.69A ) |
Ryork/Riee: 0-176 /0.21 oy | |

Average B: 27.6 .
RMSD bonds (A): 0.008
RMSD angles (°): 1.22

CXIDB: ID-83

2Fo-Fc map (at 1.5 o) over the corresponding
part of the model of B-lactamase CTX-M14 :
from multidrug resistant Klebsiella pneumoniae. 4

P3221 Unit Cell: 41.8 41.8 233.3 90 90 120

Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9,4025 (2018).

\

Detailed view of the binding of the B-lactamase inhibitor
avibactam to Ser70. The inhibitor is bound covalently to
the protein (hemiacetal).

Sample: Christian Betzel, UHH



The majority of biochemical dynamics are initiated by chemical
triggers, such as the RNA riboswitch measured at LCLS

Crystal flow
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Tunnel 4 could host both a super-hard X-ray branch and

dedicated SFX instrument for routine structure determination

Super-hard

New horizons not available anywhere else

* Penetrating single-shot imaging

* Phase contrast dynamic imaging

* Compton imaging

* Optimise elastic scattering to photoelectric
absorption

0 ——

17.5 GeV Deflection mirror Super-hard X-ray branch
el e e e e e e e e

(25-100 keV)

e b b b e b bl bl b
for new experiments

Switchable undulator

Hard X-ray branch
(8-20 keV)
dedicated to routine SFX

Routine SFX

* Stable instrumentation for routine measurements
* Static structure screening

* Mixing experiments

* Mail in structure determination

Could relocate existing SFX instrument from SPB

35— EE—



The first EUXFEL experiment at SFX/SPB was an open collaboration
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And to the fantastic Accelerator Staff

7 ¥ |
anks to al he DESY accelerator staff for thelr
orksand for.their comm&ment
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And the FS-CFEL-1 group at DESY




A fly through the European XFEL tunnels

Electron injector

cleKtronenii




The end

Backup slides from here on



