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The machine
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General layout of the European XFEL

Undulator, Photon ;, .
: Dlanostlcs & Beamllnes v

Injector at DESY
campus

Scientific instruments
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Beamline layout and experiment stations

\*\ s clectron tunnel € electron switch

photon tunnel ® electron bend

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL

XS3
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i undulator I electron dump
XS2
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XS1
= kC HIHmmn
linear accelerator SASE 2 SASE 1

for electrons (10.5, 14.0, 17.5 GeV) 0.05 nm - 0.4 nm
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SASE 3

0.4 nm - 4.7 nm

High Energy

HED Density Science

Materials Imaging

MID and Dynamics

Optional space for
two undulators and
four instruments

Femtosecond
FXE X-ray Experiments

Single Particles, Clusters,
SPB and Biomolecules and

Serial Femtosecond
SFX Crystallography

Small Quantum

SQS Systems

Spectroscopy &
SCS Coherent Scattering
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The people
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Diagnostics instrumentation for characterising the EuXFEL photon beam
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Jan Grunert
Group Leader

Theophilos
Maltezopoulos
Gas-based online
diagnostics (XGM)

Naresh Kujala
Spectroscopy and
Wavefront Sensing

Wolfgang Freund Jia Liu Joakim Laksman
K-monochromator Temporal Photon Gas-based online
system Diagnostics

diagnostics (PES)

Andreas Koch
Invasive Diagnostics
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Welcome to the World of Diagnostics !

https://www.itech-ny.com/blog/bid/283101/

© Africa Studio - stock.adobe.com

http://crf.sandia.govicombustion-research-f g jgas-phase-diagnostic:
AMO-LCLS beamtime L675 (2/2013), PI R.Coffee

I B Y European XFEL
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Beam properties

Divergence Time structure
Garfield) —, _ A Temporal coherence Wavelength and bandwidth
Wy Pulse duration

Transverse beam size

W(Z)=wonl1+ (212,

Centroid position

Transverse

intensity -~
. . . ZR

distribution

Spatial coherence

local) wavefront curvature
Laser modes (M?) Rayleigh length ( )

29 - 2o R(z) = 2[1+ (2 /2)']

L J | European XFEL

Sketch from wikimedia.org: Gaussianbeam.png: en:User:DrBob / CC BY-SA (http://creativecommons.org/licenses/by-sa/3.0/)
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superconducting
cavities
Light Sources >> more pulses/sec: 120 - 27000

(120Hz > 4.5MHz @ 10Hz) (M (M

>> more beamlines
3 undulators, 6 experiments

>> higher intensity European
(102 ph/sec > >10'2 ph/pulse) > XFEL

<< shorter pulse duration
(10-100 ps - 10-100 fs)

>> full* coherence

heat load
damage

XFELs
>[ (LCLS,SACLA) ]

single shot
damage

[ Synchrotrons ]

L J | European XFEL
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Special requirements for diagnostics at EuUXFEL POWER
10Hz XFEL pulse pattern: 99.4 % empty TIMING
100 ms 60 W /2®© (global average)
600 us 10 kW ¥ (train-averaged)
5100 fsi | 20 GW (peak power)

Ol e

—— :5;28%2&—» up to 27000 pulses/sec

220 ns
spacing

(4.5 MHz)

European XFEL
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Facility Layout (photon part)

electron tunnel € electron switch {Illi:]g)
photon tunnel ® electron bend )
i undulator B electron dump
XSDhU1
e
XS2 /. |
B EEET————— ] ()
XTD1 ““\\\\\“““ — >200m ~1km
W .
£ XTD2 € >€ > FXE
mkc (T ® SbB
- ""””I[. h
XTD4 =]
2,
XSDU2 SCS
LINAC SASE2 SASE1 SASE3
Source | Scientific Main energy Extended energy
VARIETY instruments | range [keV] range [keV] Convention: 2006
SPB, FXE - - .
SASET 5-20 3-20 Start of construction: 2009
SASE2 | MID,HED 5-20 3- 36 Empty Tunnels finished: 07-2012
SASE3 | sas. SCs 0.45 — 2 0.26 — 3 First Lasing: end-2016

TN-2011-001 by T.Tschentscher, April 2011

SCALE
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Photon beamlines

Dr. Jan Griinert, X-ray Photon Diagnostics, European XFEL

e ~50 diagnostics installations in 3 undulator beamlines
v installed
v/ commissioned
v in operation

I B Y European XFEL

Reference:
J.Grtnert et al., J. Synchrotron Rad. 26 (5), 1422—1431 (2019)
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SASE1 tunnel XTD2

2014

I B Y European XFEL



Diagnostics instrumentation for characterising the EuXFEL photon beam

L J | European XFEL

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL

SASE1 tunnel
(XTD2)

tunnel videos
XPD 01
XPD_02

17
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EuXFEL Photon Diagnostics — examples

K-monochromator and Imagers
X-ray gas monitor (XGM)
Photoelectron spectrometer (PES)

Crystal-based spectrometer (HIREX)

L J | European XFEL

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL
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K-Monochromator system (SASE1)

Filter chamber
(for energy calibration) K-Mono on

P adjustment table

Undulator

Commissioning
with SR

Dr. Jan Griinert, X-ray Photon Diagnostics, European XFEL

SR imager

Concrete base.

19
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Filter chamber

« Alignment base plates
» Holds up to 5 filter foils

Aluminum (light blocker) 3 pm (1559.6eV)
Chromium 5um 5989 eV
Copper 10 um 7709 eV
Nickel 5um 8333 eV
Molybdenum 20 um 20 keV

N:\dall\intern\User data\wp74\Devices\31-2 K-Mono\production

drawings\filter chamber

I B Y European XFEL

Dr. Jan Griinert, X-ray Photon Diagnostics, European XFEL
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Diagnostics instrumentation for characterising the EuXFEL photon beam

K-Monochromator

One K-monochromator device per SASE beamline

I B Y European XFEL

Dr. Jan Griinert, X-ray Photon Diagnostics, European XFEL
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K-Mono with spontaneous radiation
K-Monochromator + SR-Imager

Spontaneous radiation from last SASE1 undulator segment @ ~8.2keV

Variation of K-Mono tuning

440
200 430
400 420

S
600 410
800 400
200 400 600 800 400 410 420 430 440
Image with fitted circle Position [pixels]

200 [
400 [
600
800

200 200 200
@ 400 O 400 400
600 600 600

800 800 800 800 800 800 800 === 5 800 800
200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800

L J | European XFEL
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SASE3 K-mono measurements

E_ph: 3.630 keV / Bragg: 33.002780 ° E_ph: 4.555 keV / Bragg: 25.723114 ©

exp.

1000 1250 1500 1750 1000 1250 1500 1750

S ()

~

-

Horizontal Position.

energy, 3.62 keV 4.55 keV
harmonic 4th 5th
Measurement and SRW simulation of SA3 cell 23
e-beam: 14.1 GeV, 30 bunches
L J | European XFEL

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL

1000 1250

©

Horizantal Position

9.1 keV
10th

-lomm 5

E_ph: 9.101 keV / Bragg: 12.546575 °

23

E_ph: 18.137 keV / Bragg: 6.257996 °

E_ph: 15.454 keV / Bragg: 7.350358 °

1500 1750 1000 1250 1500 1750 1000 1250 1500 1750

10 -10mm = 0 s 10 -10um -5 5 10
Harizontal Position Torizon

15.48 keV 18.15 keV
17th 20th

Synchrotron Radiation Workshop (SRW):
O. Chubar, P. Elleaume, "Accurate And Efficient Computation Of Synchrotron Radiation In
The Near Field Region", proc. of the EPAC98 Conference, 22-26 June 1998, p.1177-1179.
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SR imager Scientific CMOS camera

2 Mpixel, 16 bit
0.9 e- readout noise

Dark current 0.5 e-/pixel/s

Motorized iris

Scintillator holder:

Tandem len m Leica - '
YAG:Ce, Gd;0,S:Pr*, PIN diode andem lens system Leica — Schneider

magnification factor 0.47
effective f oo -number 0.95

°o
Uy
°
o

.. BT . Scintillator
| manipulator

I B Y European XFEL _
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Pop-in monitor under assembly

Type 11-45°

— "

» for FEL beam alignment
+ ~15 such devices at EUXFEL

D Refrence: Andreas Koch (XPD)
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FEL imager

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL

500 —
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X-ray Gas Monitor
(XGM)

L J | European XFEL
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Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL 28

Gas-based Online Photon Beam Diagnostics
Rare gases (Ar, Kr, Xe) at p < 104 mbar
Indestructible + no beam perturbation

Online, shot-to-shot operation:

= reference data
to user experiments
= input for real-time
steering of the
electron beam

L J | European XFEL

o (barn)

10000000 |-

1000000
100000
10000
1000
100

10

1
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=
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— — .
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XGMD

lon signal
(intensity)

Single photoionisation:
N= Nph xnNxoxl

N Number of electrons or ions

N, Number of photons

Electron signal  Electron signal Tardet denst
(position) (intensity) 5 arger consity

o Photoionisation cross section
!  Length of interaction volume

[1] R. Klein et al., Synchrotron Radiation News 15 (2002) 23.
I B European XFEL [2] K. Tiedtke et al., Gas detectors for x-ray lasers, J. Appl. Phys. 103, 094511 (2008)

29
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Electron signal
(multiplier)

XGMD

tHVo— 77772 Pulse energy

Electron multiplier

Electron signal
-HV °_ﬁ./././£| (metal p,aI?e) B non-invasive & indestructible
A

B pulse-resolved, capable of 4.5MHz
+
T™="3

7y . T I Photon B abs. uncertainty <10%
T S beam ¥ rel. accuracy <1%

: i electrons ’ (photo-ion signal statistics:
: E i ions for 10'° x-ray photons = 10 ions)
4 v i v 107 Pa B range: 107 to 10" photons/pulse
) : 5 l B target gas pressure: 10 to 10°® mbar

v
“HV 0_1:\\\:] lon signal

(metal plate)
Electron multiplier G

B S b

E— s e B )

(multiplier)
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X-ray Gas Monitor (XGM

A-ray 2as T ( ) Shot-to-shot pulse energy
_ , and average beam position

B Contributed by Tiedtke group @ DESY

e 2 XGMDs and 2 HAMPs
(one each for hor. and vert. beam position)

I B Y European XFEL
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Multibunch-mode
(300 bunches)

B8 }FEL_xgmd_sase_viewerxml| XFEL.FEL/XGM.PHOTONFLUX/XGM.2643,T9/*

SASE viewer
XGM ok?

[uJ] Long Term SASE Intensity
2

00 Photonflux [uJ]

1113.17 pJ

2000
1750
1500-
1250
1000
750
500
250

0
13:13 13:23 13:33
1.3.2018 1.3.2018 1.3.2018

[a.u.] Pulse Energy Intra Train
2500

13:43 13:53

1.3.2018 1.3.2018 1.3.2018

150.0 200.0 250.0

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL

@ 9.30kev 1.33 A

[uJ] Short Term SASE Intensity
2500

= Photonflux [uJ] &
XTD10 [pJ] &
{ =XGM.3311.T9/PHOTONFLUX.UJ [uJ] &4
2000
1750 :
15007
1250?MW
1000
750
500
250"
oI — S — |
13:54 13:56 13:58 14:03
1.3.2018 1.3.2018 1.3.2018 1.3.2018

{rm]

43.T0NX POS

32

300 pulses
per train

~ 3.6 Watt
at 9.3keV

1.3.2018
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XFEL: X-Ray Program

T6

23 bunches 9000 eV 1525 pJ

13958 MeV

0.25 nC
510 bunc...

100 bunches

out... 101 bunc...

1 bunches 1 1583 pJ

out... 101 bunc...

Legend

Interlock broken No beam in secti...
No beam permis... Electrons in sect...

Interlock set @D Photons in section

Accelerat...14 GeV, 1.1 MHz, < 600 bunches, SASE delivery SASE1l: FXE comm.
SASE2: HED comm.
2019-04-30 11:52 SASE3: SQS comm.

IS W 0 European XFEL Public Status Monitor
(ttfinfo.desy.de/status-displays/, www.xfel.eu/facility/operation/) 30.4.2019



https://ttfinfo.desy.de/status-displays/index.html
https://www.xfel.eu/facility/operation/index_eng.html
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----- Grating spectrometer
— 950 eV (RV: -60V) [E] .
—— 910 eV (RV: -20V) [W] sz

Photo-electron spectrometer

B Photoionization of rare gases

e Time-of-flight measurement of electrons

BN Automatization of target gas type and :
pressure, drift-tube voltages

B Two-color operation i W

Intensity [Arb. Units]

(0]
o
—

D

0 20 20 50 80
TOF [ns]

Photon energy [eV]

Reference: J.Laksman
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Hard X-Ray PES prototype

Design objectives:
B 5 - 24 keV (E_kin up to 10keV)
B resolution 103 - 104
B Non-invasive, pulse-resolved
B Online wavelength info to operators & users

Challenges:
B Cross-section is poor for hard x-rays
B Geometric constraints in tunnel
B Minimize maintenance (tunnel!)
I conductive, non-magnetic, light weight material
B Avoid sparking — concern at high voltages

I B Y European XFEL
Reference: J.Laksman
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Crystal-based
hard X-ray spectrometer

L J | European XFEL

36
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High-resolution Transmissive Hard X-ray Single-shot Spectrometer

d .
rete%r — MHz —line detector

diamond 8,
Proposed by C.David beam splitter 99 S,
(PSI / Switzerland) grating on

undiffracted beam High transmission in
-
_ zero order

diffracted beam ﬁ ;
0\
/ o G“Js\a

. 2AAN?
radiation hard g D High spectral resolution

Low radiation load on the crystal

L J | European XFEL
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Hard X-ray High Resolution Single Shot Spectrometer (HiREX)

Specifications

= Energyrange: 5 - 15 keV

= Energy resolution: E/dE > 10'000 *

= Transmission > 90% *

=  Full 4.5MHz rate (depends on Gotthard + grating durability)
=  UHV compatible (p<10-8 mbar)

Detector unit

_________

Gratingunit

el A

Photon'
beam

1 .
: | Diffracted beam
| 1
lGralings 1 p I T

v A i
- Crystal unit

I B P9 European XFEL Ref.: N. Kujala [ W.Freund, XPD
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HIREX diagnostic spectrometer for SASE1

B Grating + bent crystals (Silicon and Diamond)
B 2D-camera (10Hz) + fast 1D-detector (MHz)
B Cross-calibration with FXE at 8980eV
Detector Unit

\.

Beam Grechion

C
*o ‘-'m

A

A, Crystal Unit

DON160CF

Grating Unit

Transport tube

DN160/ 0 0CF

- . .
3

: ..
I B Y European XFEL

Dr. Jan Griinert, X-ray Photon Diagnostics, European XFEL

/XILON

PAUL SCHERRER INSTITUT

TISNCM

Ref.: N. Kujala / W.Freund, XPD
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Detectors:

HIREX diagnostic spectrometer ...

Detector arm

Crystal manipulator
Be window

Full range & high resolution lon Pump
Crystal Chamber

* hard x-ray range of 6 - 25 keV
* up to 1% bandwidth
* up to 40,000 resolving power (0.2 eV at 8 keV)

Minimally-invasive measurement during user operation

*  full spectrum measurement with better than 1 eV resolution.
*  >95% transmission to experimental hutch.

Linear stages (X,Y)

« HIREX provides single-shot spectra to experiments which
depend on the knowledge of SASE FEL spectrum.

* It provides spectral information to accelerator physicists
for machine optimization studies.

Granite

HIREX at SASE2 / XTD6

I B Y European XFEL
Reference: N.Kujala
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SASE spectrum using Si333 crystal

200

* single pulse

+ direct beam

* pulse energy=400ud
*  Ep=9.33keV

+ Ebeam=14GeV

+ charge =0.5nC

9280 9290 9300 9310 9320 9330 9340 9350

Typical single shot spectrum at 9.33keV

Jr T ~ 20eV FWHM

:: ] Pulse-resolved monitoring
_ at MHz rate with Gotthard
& detector

9280 9290 9300 9310 9320 9330 9340 9350
Photon energy (eV)

L J | European XFEL

Ref.: N. Kujala, XPD
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Two-Color studies at SASE2

Spectrum (Gotthard)
T T

1.19:1, 33.670 mJ|

10000 —

100
9000 — —

8000 200

7000 — =1
300

6000 —

R L S | .

o WM\J Wl J w v I\ A | 600

3000 — v J

e
=
|
Past Shots
I
=3
o

700
2000

1000 | L \ L w \ ! \ 800
120 -100 -80 -60 40 20 0 20 40 60

A Photon Energy (eV)

I B Y European XFEL
9240 eV and 9300 eV 2020-02-12T10_12_35
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Seeding studies at SASE2

x=9075.7, y=3070.9 XGM: 369.82 pJ HIREX: 18790028.38 uJ @ 9039.7 eV 1000}
7000
/sin le
pA
6000 7 ) 800
5000 |
600 -
4000 5
[
3 3
- z
<
3000 4661
2000
200
1000 |+
0 ok
9.0 9.02 9.04 9.06 9.08 9.1 8.9 9|.0 9.1
(keV) (keV)

L J | European XFEL

Reference: N.Kujala, M. Guetg, S. Serkez, G. Geloni, et al.
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' :\1-\5"4)- &:‘" ]

[ -
—

... and there is also
temporal diagnostics...

I B Y European XFEL



Diagnostics instrumentation for characterising the EuXFEL photon beam Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL 45

Acknowledgements

European XFEL groups:
XPD, XRO, VAC, EEE, CTRL, ITDM, LAS, Experiments
DESY: L. Frohlich, M. Guetg

Contributors to instrumentation:

XGM: K.Tiedtke group (DESY)

PES: J.Viefhaus group (DESY)

MCP: E. Syresin, O.Brovko, A.Grebentsov (JINR, Russia)
KMONO: A. Erko (HZB), J. Rehanek (PSI)

HIREX: C.David, B.Schmitt (PSI), AXILON, TISNCM
Imagers: JJ X-ray, Irelec, FMB-Berlin

T i.' 'g':f-" ;'—-4.’»'»“‘.

-
o

References

1.

2.

10.

1.

J. Griinert, "Framework for X-Ray Photon Diagnostics at the European XFEL", XFEL.EU TR-2012-
003 (2012).

E. Syresin et al., “Technical Design of the XFEL-MCP-Based Detectors”, XFEL report EDMS-
D3595161, 12/2012

Gruenert, J. et al ,Photon Diagnostics and Photon Beamlines Installations at the European XFEL",
Proc. 37th Int. Free Electron Laser Conference (FEL 2015), Daejeon, South Korea, 23 Aug 2015 - 28
Aug 2015 WEDO03 (2015) special issue

K. Tiedtke, J. Feldhaus, U. Hahn, U. Jastrow, T. Nunez, T. Tschentscher, S.V. Bobasheyv, A.A.
Sorokin, J.B. Hastings, S. Méller, L. Cibic, A. Gottwald, A. Hoehl, U. Kroth, M. Krumrey, H. Schéppe,
G. Ulm, M. Richter. Gas-detector for X-ray lasers. J. Appl. Phys. 103, 094511 (2008)

T. Tschentscher, C. Bressler, J. Grinert, A. Madsen, A. P. Mancuso, M. Meyer, A. Scherz, H. Sinn
and U. Zastrau, “Photon Beam Transport and Scientific Instruments at the European XFEL ”, Appl.
Sci. 2017, 7(6), 592; doi:10.3390/app7060592

Decking, W., Abeghyan, S., Abramian, P. et al. , “A MHz-repetition-rate hard X-ray free-electron laser
driven by a superconducting linear accelerator”, Nat. Photonics (2020). 10.1038/s41566-020-0607-z
J. Griinert, M.P. Carbonell, F. Dietrich et al, “X-ray photon diagnostics at the European XFEL”,
Journal of synchrotron radiation 26(5), 1422 - 1431 (2019) [10.1107/S1600577519006611]

T. Maltezopoulos, F. Dietrich, W. Freund et al, “Operation of X-ray gas monitors at the European
XFEL”, Journal of synchrotron radiation 26(4), 1045 - 1051 (2019)

W. Freund, L. Frohlich, S. Karabekyan et al, “First Measurements with the K-Monochromator at the
European XFEL”, Journal of synchrotron radiation 26(4), 1037 - 1044 (2019)

E. Syresin, A. Grebentsov, M. Yurkov et al, “MCP-Based Detectors: Calibration and First Photon
Radiation Measurements”, Journal of synchrotron radiation 26(5), 1400 - 1405 (2019)

N. Kujala et al., “Hard x-ray single-shot spectrometer at the European X-ray Free-Electron Laser”,
Review of Scientific Instruments 91, 103101 (2020); https://doi.org/10.1063/5.0019935”

% 0 Our full list of publications is available at:

www.xfel.eu/organization/scientific and technical groups/
Xx_ray photon diagnostics/publications/

... or google-find us by “XPD diagnostics”


https://www.xfel.eu/organization/scientific_and_technical_groups/x_ray_photon_diagnostics/publications/index_eng.html

Diagnostics instrumentation for characterising the EuXFEL photon beam

Thank you for your attention.

L J | European XFEL

Dr. Jan Grinert, X-ray Photon Diagnostics, European XFEL

46



