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MML@KIT towards PoF V

MML with Unique Instrumentation of its

SPECTROSCOPY, SCATTERING &
IMAGING CLUSTERS

at the KIT Light Source and beyond
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—F A\ \ SPECTROSCOPY Cluster,
N\ S\ incl.
g ; 'jy;. AN ™ X-SPEC, SUL-X, and MFE-Lab
: = | *w ®m  Next-generation hard and soft X-
T o ]_ it i \ﬁ;j: : ray spectrometers (with UNLV)
51 1’,‘mu_['”m" “““““ ) Operando cells

IMAGING Cluster, incl.

® IMAGE, UFO-station towards Serial CT
® Insitu LAMINO and X-ray microscopy stations
® Hierarchical, correlated and in vivo imaging

2 MT DTS Executive Board, May 07, 2024

SCATTERING Cluster, incl.

® NANO & Heavy duty diffractometers

®  Thin-Film-Labs with in situ MBE, MOVPE,
PLD, sputtering, laser processing etc.

Tilo Baumbach and Clemens Heske:

Proposed DTS-ST4 in PoF V — First DRAFT



MML@KIT towards PoF V

Photon Science and Synchrotron Radiation Research

enabled by combining the strengths of

MIMIL

FROM MATTER TO
MATERIALS AND LIFE

® the Beamlines and Labs at the KIT Light Source

® complementary experimental stations at low-emittance photon facilities

Matter
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providing a unique portfolio

W for pioneering method development and fundamental research
B for systematic, large comparative studies

B as aunique home-court advantage for KIT Programs and Centers
Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT
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Matter

MML@KIT towards PoF V
MIMIL

Photon Science and Synchrotron Radiation Research I ﬂ(".

MATERIALS AND LIFE Karlsruher Institut far Technologie

enabled by combining the strengths of
® the Beamlines and Labs at the KIT Light Source and

B complementary experimental stations at low-emittance photon facilities

KIT Light Sourc
g A -
EG ) P B 0348 — b e (—_s_‘—-
[OEE by 221 Hauptelngang \'3}\,2,_,)
- 5 Ll 1 B9693-1
g R b
. LN
s \owz ;
v co12 -l
i, > e ¢ -TOMO
cTLab i e
----- 25y
Spechering \
'i ,’;‘i...‘ swn‘:p‘vem b, N
g s & F o dA
il T TG
T B, 1 ok & 5 T e
— s it " L\ » /5’ 7]
=[1x o N 1
t i o e By, q
- N o . g S
e o -
HE i
O C WES
¥ § W F TN
- - |
e ‘T . bV Lap =
F Gwe’i | Analysis MFE Lab | cawysisLas
2 [ B B - ¥ ) H 2

providing a unique portfolio ® for pioneering method development and fundamental research

B for systematic, large comparative studies
B as aunique home-court advantage for KIT Programs and Centers
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MML@KIT towards PoF V
Method & Instrument Development m I ﬁ(IT

MATERIALS AND LIFE Karlsruher Institut far Technologie

Matter

® Two main thrusts in MML

® Development and utilization of novel characterization
approaches and instruments for the Spectroscopy,
Scattering, and Imaging Clusters

® Develop high-throughput, in vacuo, in situ, in vivo,
operando concepts at large-scale photon facilities as cross-
cutting enabling technologies in MML and for other KIT
programs and strategic partners

® Cutting edge methods and instrumentation, in
particular at X-SPEC, IMAGE, and soon at HIKA

- Worldwide unique combination of soft and hard X-ray
spectroscopy for in situ / operando applications

- Worldwide unique CT/Laminography portfolio towards serial
tomography and hierarchical in situ / operando imaging

5 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



MML@KIT towards PoFV Q(IT

Karlsruher Institut fir Technologie

Cutting-Edge Characterization Synchrotron Radiation Cutting-Edge Characterization
Methods for Research Methods for

Biomaterials & bionics,
tissues & organoids

Materials & devices in
quantum technologies

(Bio)Medical diagnostics

with compact sources Materials & technologies

for information

Biodiversity & indicator
organisms for climate

Energy materials

. _ _ Optics & Photonics
Artificial intelligence for Al-supported large scale Proprietary and open-source

high-throughput 3D and 4D Image platforms for synchrotron-based _

data acquisition Analysis scientific data and computing Catalysis
W Pioneering method development and fundamental research B Systematic, large comparative studies

® Unigue home-court advantage for KIT Programs and Centers

6 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT




MML @KIT towards PoF V AUT

Initial Situation: PoF IV

Accelerator Research: Operation of the KARA
Storage Ring and all accelerator R&D in Matter - MT ﬂ - —
Loosli (IBCS-BIP) Vitova (INE)

Multiferr. Schichten Batterien

Karlsruher Institut fir Technologie

) .. Schneider (LEM) Optic & Photonics Katalyse Zes ()

Research with Synchrotron Radiation at the e Lt Do, e PE) | | St (KFT) PT—
. Automat. Bildanalyse — Paetzold (IMT)
. Proteinschaume
KIT Light Source and beyond: Ve 500) (PSR o | Energe
. Defen (NE] iolarzel\eg, Det”ekl(irTelr)w

Beschichlung Large Scale Dafa EMMER, Fowalia

— Dinne Schichten ) Batterien [

Matter — MML Ulich (AMVAWP) Stel Pezod (SCC) indis, Envenberg (AM-£58) || Eerroghenm

® Operation of the Imaging, Scattering &

Schuster (IPC)

Perovskite rgNNS . BL@ Daéagn(fé‘)ésgj Biomedical
Eqgeler (LEM) eyer, ebus, 50 Engineering & Robofics
S p € Ctro_s CO py C I usters Perovskit-Detektoren Pyaiiuk (A Klimaforschung Geo- und Umweltforschung
® Methodical & instrumental development Lommer (LT) P Rifr (MKFU) pate, el (MK FU)
. . . . . . Simon, Casell
® Scientific research applications, collaborating with aair e[ e
emp

leading KIT groups and external partners

| Acc. driven health

fech

Algorithmen, Bildanalyse Materle Miller (BPT)
Chilingaryan (IPE)

Serielle Tomographie
Perovskit Detektoren Kopmann, (IPE)
Simon/Fiederle (PE) —

Operation of further beamlines in 4 Programs of the
Helmholtz Research Fields Energy (MTET, NUSAFE)
and Information (NACIP, MSE)

Examples of KIT@MML collaborations with other Programs

MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



Matter

MML research topics PoF V m | ﬂ(IT

B Successful restructuring of MML for PoF IV MATERI_ALSANDL'FE e
New in PoF IV

« Transfer of magneto-hydrodynamics
(HZDR) from Energy to MML

DESY, GSI/HI Jena, [ DESY, FZJ, GSI, HZB, DESY, GSI, HZB,\
HZB, HZDR HZDR, Hereon, KIT KIT, Hereon * GSI campus Darmstadt returned to PoF

and participates in all 3 MML topics

» Transfer of Biophysics (GSI) from Health
to MML (from cancer therapy to radiation

protection)
f RT1 Matter: \[ RT2 Materials: RT3 Life Sciences: From « KIT: Operation of the storage ring (KARA)
Dynamlcs Mechanisms Quantum, Complex Building Blocks of Life: . ) .
and Control and Functional Materials Structure and Function Matter tO shifted to the MT-Program; Beamline
. Clusters in MML (LK 1)

Materials
Photon Facilities ]—[Neutron Facmtles}[ lon Facilities ]—[ nggiﬁ:t;fld and Llfe Durmg PoF IV

(MML) * Helmholtz Institute for High Energy Density
DESY, HZB, FZJ, Hereon GSI, HZDR HZDR, (HIHED) in Rostock not founded

Hereon (GSI associated)

Upgrade proposals PETRA IV, BESSY II+/1I
® Continuation and sharpening this successful structure in PoF V

B RT1 (Matter): Creation of a subtopic level

B RT2 (Materials) and RT3 (Life): Current subtopic structure will be retained

MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



The Vision in PoF V ﬂ(".

Karlsruher Institut far Technologie

B Stay at the forefront of the latest synchrotron methods and instruments

® Develop strategies for Al-based automated, high-throughput data acquisition,
data analysis, and data management

® Reap the rewards
® benefit from the integrated beamline & laboratory infrastructure at KIT

W capitalize on our leading characterization approaches combining cutting-edge synchrotron
radiation and multi-environment sample concepts (in vacuo, in situ, in vivo, operando)

B utilize the cross-sectional technology portfolio for networking with other programs and our
strategic external partners

MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



MML@KIT towards PoF V ﬂ(IT

Research
(LK 1)

From Matter
to Materials

and Life
(MML)

STRUCTURE OF THE PROGRAM MML

DESY, GSI/HI Jena, HZB,  DESY, FZJ, GSI, HZB, DESY, GSI, HzB, KIT®
HZDR HZDR, Hereon, KIT®@ Hereon

3y

Matter: Materials: Life Sciences:
Dynamlcs Mechanisms Quantum, Complex Building Blocks of Life:
and Control and Functional Materials Structure and Function

)
Highest-Field
Photon Facilities Neutron Facilities lon Facilities Eacilities

4

Operation
(LK 1) User support
DESY, HZB, Hereon FZJ, Hereon GSl, HZDR HZDR (GSI associated)
POF IV => POF V: Substantial changes for the program MML;
@ F7J / JCNS will move research with neutrons to RF Information..
O KIT not yet decided but may move also its MML activities to Information Yt A AT

-I Karlsruher Institut fur Technologie

FROM MATTER TO
MATERIALS AND LIFE

Program MML
* 3 Research Topics (LK I)
* 4 Facility Topics (LK 1)

Th. Stohlker, MML-Presentation, MATTER LA Hamburg, 29.01.2024

LA Matter 26.04.2024: KIT will continue its previous MML activities from the PoF IV funding phase in PoF V, but integrated into other programs
Present Status: Coordination Meetings with Information (P3) and with MT in Matter

10
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The Vision in PoF V ﬂ(".

Karlsruher Institut fir Technologie

B Stay at the forefront of the latest synchrotron methods and instruments

® Develop strategies for Al-based automated, high-throughput data acquisition,
data analysis, and data management

® Reap the rewards

® Characterization of real-world materials, devices, and processes related to energy,

iInformation & mobility technologies
® Al-driven high-throughput imaging and analysis for large-scale comparative

morphological studies (materials & devices, biomaterials & tissues)

11 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT
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Detector Technology and Systems (DTS)

ST1 | N ST2 ~
Sensing :
: . uantum Technologies
and Detecting Technologies Q g
\_ J J \_
e ™ e N 4
Sensors
% ) Quantum Sensors and Production
P | N Technologies %
Electrical and Photonic L ) e
Integrated Circuits (ASICs) and on-
detector Intelligence 4 )
J
e ' Scalable Readout for
3D and Interposer Interconnection & Superconducting Quantum Devices
Packaging
\ \__ J .

Research infrastructures

ST3 |

System Technologies
and Applications

Detector System Concepts &
Demonstrators in Research Field
“Matter” and beyond

|

Intelligent Data Acquisition (DAQ)
and Real-time Computing

Novel Engineering Techniques,
Advanced Materials, Cooling

Interconnect and
Packaging Facilities

Quantum Sensor
Production Facilities

Detector Test Beams

Assembly Facilities

MT DTS Executive Board, May 07, 2024
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Detector Technology and Systems (DTS)

ST1 | Sensing N | ST2 ST3 ST4
and Detecting Quantum System Tec_hno_logles Mul_tldlmensu_)nal
Technologies Technologies and Applications Imaging Techniques
\_ J
e R |
( Y\ ( Detector System Concepts ) ( )
Sensors & Demonstrators in
. | J Quantum Sensors and Research Field “Matter” Spectroscopy
Production Technologies
Electrical and Photonic J N and bleyond d
Integrated Circuits Q ) ( _ R Q y
(ASICs) and on-detector Intelligent Data Acquisition
L Intelligence ) 4 N | and Real-time Computing ) 4 I
| ~ Scalable Readout for |
3D and Interposer Superconducting i Novel Engineering Tomography
Interconnection & Quantum Devices Techniques, Advanced
L Packaging RN ) L Materials, Cooling \_ )

Research infrastructures

Interconnect and Quantum Sensor
Packaging Facilities Production Facilities

Detector Test Beams Assembly Facilities
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Detector Technology and Systems (DTS)

ST1 |

Sensing
and Detecting
Technologies

Sensors

Electrical and Photonic
Integrated Circuits
(ASICs) and on-detector

9 Intelligence

3D and Interposer
Interconnection &
Packaging

ST2
Quantum
Technologies
|
e R
Quantum Sensors and
Production Technologies
. y,
4 )
Scalable Readout for
Superconducting
Quantum Devices
- J

ST3 N

Detector System
Technologies

J

(" Detector System Concepts )
& Demonstrators in

Research Field “Matter”

\_ and b|eyond )

4 )
Intelligent Data Acquisition

and Real-time Computing

I
Novel Engineering
Techniques, Advanced

J

L Materials, Cooling

ST4
Multidimensional

Method Development
and Applications

Imaging, Spectroscopy,
Scattering —
Methods and Systems

!

N
High-throughput, in situ,

in vivo, operando
Applications

Al-Supported
Multidimensional Data
L Analysis

DetecTABL: Research Infrastructures for Detector Development, Test and Application Beamlines & Labs)

Interconnect and
Packaging Facilities

Quantum Sensor
Production Facilities

Assembly Facilities

Test and Application
Beamlines & Labs

MT DTS Executive Board, May 07, 2024
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Contributions to ST1-3 QAT

Karlsruher Institut far Technologie

® High-Z detectors based on CdZnTe/GaAs (collaboration with U-Frei ...)
Goal: Development of CdZnTe/GaAs sensor technologies from crystal growth towards detector production:

® Growth of CdZnTe
® Partner in the OptiBeams proposal in the HORIZON-INFRA-2024-TECH-01-01 call - coordinated by DESY Flash
® Cooperation with PSI for the growth of 75 mm diameter CdZnTe crystals

® Technology for pixel detectors
® Work on flip-chip bonding in cooperation with IPE

® Production of TPX3 (TPX4) and Eiger (PSI) detectors

® Production of detector modules with different thicknesses from 0.5 up to 3 mm for covering X-ray energies from
30 keV up to 300 keV

® Development of large area detectors
® Application of CdZnTe pixel detectors
® Application at PETRA and XFEL

Starting point BMBF Project: 05K22VFBA - PERODET
U-Frei —= MML — MT Collaboration

15 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



Contributions to ST1-3 QAT

Karlsruher Institut fir Technologie

B Research on Perovskites

® New class of semiconductors: Perovskite semiconductors (promising photovoltaic materials)

W Perovskite materials are promising as an alternative to conventional high-Z semiconductors
regarding availability, toxicity and low production costs compared to conventional high-Z materials like
CdZnTe or GaAs

® Crystal growth from solution and from the melt of CsAgBiBr; and CsPbBr; materials
® Intensive material characterization

W (topography, XDL, SIMS, |-V, DLTS, ...)
® Detector technology:

B Development of planar technology (surface preparation, contacts, bonding)
® Development of a growth process:

B Deposition directly on electronics (solution, 3D printing, ...)

® Production of detectors: | @
B using Timepix3 and Timepix4 with High-Z sensor based on perovskites semiconductors

Starting point BMBF Project: 05K22VFBA - PERODET
U-Frei — MML — MT Collaboration

16 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT
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ST4 Multidimensional Method A\‘("
Development and Appllcatlons ................................

® Imaging, Spectroscopy, Scattering — Methods and Systems
® High-throughput, in situ, in vivo, operando Applications

® Al-Supported Multidimensional Data Analysis

MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



Imaging, Spectroscopy, Scattering AT

Methods and Systems Karsuher sttt for Technologe
Example: The X-SPEC Beamline at the KIT Light Source
LT el S/ N
m 70 eV - 15 keV! ~ Ly ﬂ
® XES/RIXS, XAS, (HAX)PES e ¢

® Two undulators (soft, hard),
two monochromators (soft, hard),

two endstations (UHV and ambient)

B Next-generation soft X-ray

spectrometers

® Operando cells

L. Weinhardt et al. JSR 28, 609 (2021)

18 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



X-ray spectroscopy of nuclear materials ﬂ("‘

B Stay at the forefront of the latest synchrotron methods and mstruments

@ High-activity samples
Electronic structure
Actinide-Ligand bonding

Development of Extremely
Fast RIXS Maps (EFRM)

F Kedge XAS

x=BrcLE | ] N W ExpS]

=
oM
N

=
. -
1

-+ Abscrption [arki

2
=]
1

-10 E—IS 0 : 5 10 15 20
Energn,.r (e‘u’}

Neill et aI in preparat|on (2024)

19 MT DTS Executive Board, May 07,

The planned ROXS station @ X-SPEC for PoF V & SFB Brlght
nght (Radionuclide materials Observed with soft X-ray Spectroscopy)

538

536

534

532

Exitation Energy [eV]

530

528

515

2024

Karlsruher Institut far Technologie

= Cs,U0,CI, . 2H,0 Exp.
— RASSCF Cs,U0,Cl;.2H,0
RASSCF [UO,CIP>

O K edge XAS

J.J. \ _'__,,/"""'"]" T
520 525 530 535

Emission Energy 3rd [eV] 925 530 550 555

Muller et al., in preparation (2024) E“E’g” “’1

Intensity [a.u.]
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High-throughput, in situ, in vivo, AT
operando Applications

Example: The X-SPEC
Beamline

Us0 ‘}

® High dose efficiency short exposure times towards operando soft x-ray
detection systems
® Combination of powerful optics (e.g., gratings) and pixel array detectors

® On-the-fly component integration from source (undulator), monochromator,
and focusing optics, to sample, analyzer optics, and soft x-ray photon
detection systems

20 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



Rapid resonant inelastic soft x-ray scattering (rRIXS) maps
at X-SPEC i

T L L
| | |

TR e T

® Novel high transmission soft x-rayuzs\

spectrometer detection system R
® Reduces time for a RIXS map ER _—

from tens of minutes
to tens of seconds

21 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



QUASY - Quantum Sensor Platform
for Synchrotron X-ray Spectroscopy

- - . _ guidance regular supervision
® Magnetic Microcalorimeters Mool
MMCs
® For various beamlines in the
Spectroscopy Cluster ‘ close

mount to
cold stage

® Energy resolution orders of
magnitude better than for
conventional EDX detectors

o | | interaction r

detector
side arm am detector

| package

University mission
uoissiw zjjoyw|aH

Collaboration with S. Kempf (IMS), T. Vitova (INE)
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Imaging, Spectroscopy, Scattering
Methods and Systems

Example: The HIKA Beamline at PETRA I / IV
Hierarchical Imaging and Serial Tomography Methods

550 KT

Karlsruher Institut fir Technologie

PETRA IV Beamline Portfolio

PETRAIV. s 2 e . . . Beamline Techniques Energy range
“’v:,;;iﬂmf' DISt"bUtlon Of Beamllnes on Expenmental Ha"S 17BLs+VUV 01 Powder Diffraction and Total Scattering PXRD, TS 15 - 80 keV
— Sector Layout : Worethan oty spsctec 02 Swedish High-Energy Mater. Sci. Beamline (SE)  WAXS/3DXRD, SAXS, Imaging 38 - 150 keV/
T o 12BLs o o : 03 High-Energy Scatt. and Diff. Tomography - - 40 - 120 keV
§  ——— 22 04 High-Energy Mater. Sci. Beamiine (HEREON) | High-Energy Beamlines | so-200kev
prm— 'L“J 05 ExTReM RO, PO, PCL oot 25 - 58keV
06 In-situ Large Volume Press Beamline AD-/ED-XRD, PXRD, A/PCI 40 - 130 keV
i J— B 07 AdMiNaX$ Beamline GI/T/SAXS/WAXS, CoGISAXS 7-30kev
ZUkunftSPTOIEkt PETRAIV. z 08 SAXSMAT Il Beamline - N - 5. 60keV
Die nationale Rontgenlichtquelle zur Transformation 09 Surface and Interface Dynamics Beamline Scatterlng and Diffraction 8- 40keV
von Forschung und Innovation ::: 10 Chemical Crystallography Beamline PXRD, Crystallography 15 - 50 keV
. =T 11 Coherent Applications Beamline XPCS, XCCA, Holotomo. 7 - 25 keV
W@m—"m 12 Materials Scanning Nanoscope XRF, XRD, XBIC, XEOL, Ptycho 2.4 - 50 keV
12 BL planned ::: 13 In-Situ/High-Resolution 3D Nanoprobe 4 - 100 keV
5free slots B 14 CryoBio Nanoprobe Beamline H 17 - 60 keV
15 In-situ Bragg Microscopy Beamline Imaglng and COherence 7 - 40keV
<BuHts 16 Full-Field Imaging for Mater. Sci. (HEREON) Tomography, Radiography 10 - 200 keV
\ O IS, o, 5, 17 Multiscale Mater. Microscope (DESY/HEREON)  Holotomo., Radiography 60 - 200 keV
et by gzl ~ 18 HIKA Beamline (KIT) Tomography, Laminography 10 - 60keV _
19 4 - 25 keV
20 BL_22 — HIKA 2- 100 keV
; EH2 21, = 4 - 45keV
Top View O oH2 M1 o g 2 _ _ _ oty
L = T L = Hierarchical Imaging and  »«-uw
-~ 24 2.4 - 15keV
Undulator SCM Lens Sample  DET 25 . | 6-30kev
DO Lens Sample e Serial Tomography
. | o ! | 27 5 - 30 keV
y 1 L T— =l ..l’..' 28 . 6 - 30keV
LUE Y | Der Sample 20 Karlsruhe Beamline o uh|
30° 14 - 0.04 keV

MT DTS Executive Board, May 07, 2024
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Imaging, Spectroscopy, Scattering .ﬂ(l'l'

M et h O d S an d SyS t e m S Karlsruher Institut far Technologie
BL-22 - Hierarchical Imaging and Serial Tomography Karlsruhe
(H I KA) Beam I i ne at P ET RA IV Project fixed by (external) boundary conditions
N\ Transfer of the X-ray Microscopy MIQA to Hamburg Q1/2021 L Sidoun of max 2 yeats QOO e Y esof ter
\/ » Overall project duration to full project delivery: 8 years (2024-2031)
\/ Start of the HIKA construction Q4/2021 2022 2025 | 20241, 2025 t, 2026 t, 2027 1t; 2028 1t, 2029 t, 2030 t, 2031 1t
N T T [T T S T
a4 Experimental hutch, preparation and control hutches finalized Q2/2023
v I
\/ First beam in the hutch Q3/2023
Implementation of parallel beam CT modes Q4/2023 Top View EH2
y OH1 OH? EH1 BM
N/ ) L VL
Implementation of X-ray microscopy modes Q4/2024 s i I »’I’—|
N7 g ‘
D Implementation of dose-efficient and hierarchical imaging Q4/2025 Undulator ol Lens Sample ~ DET
N, J DCM Lens Sample o
7| | serial CT via BMBE ErUM SMARTMorph: Ki-Morph; KI4DAE | | Q412025 o \..'l|,£|
\\? } HHL-BS  PM ! DET Sample
HIKA Adaption & Extension for PETRA IV 2027-31
\/ d EH3
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Methods and Systems

Karlsruher Institut fir Technologie

- c 1= B

Imaging, Spectroscopy, Scattering .g(l

Unique portfolio for morphological full-field imaging

® micro tomography & laminography - 3D morphology

® high-throughput - large comparative studies

® operando, in situ and in vivo imaging = 4D morphodynamics ...

® combined BMI, parallel beam imaging and X-ray microcopy , £ B
- multiscale and hierarchical X-ray imaging Hierarchical laminography under biaxial load

® multiple X-ray contrasts, light microscopy = correlated imaging EH o

Correlated XWBT, XDL&
CDIC and the dynamics
of dislocations

200pm

Dose-sensitivity soft materials and for tissue engineering

High-throughput and hierarchical tomography of model organisms

25 MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT
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High-throughput, in situ, in vivo, AT
operando Applications

Example: The Imaging Cluster

Detector System integration, e.q.,

@ SPCDs combined with Bragg-Magnifiers for um-resolved imaging
- Dose-efficiency, noise suppression, higher contrast at 1um resolution

@ Propagation based imaging with km-long beamlines by combining Bragg-
Demagnifier Technology and low Z and high Z SPCDs - drastic contrast

amplification = dose-efficient phase contrast at large fields of view

@ Ultrafast up to MHz Imaging
@ Spectroscopic Imaging

MT DTS Executive Board, May 07, 2024 Tilo Baumbach and Clemens Heske: Proposed DTS-ST4 in PoF V — First DRAFT



In Vivo Tomography on the Cellular Level ﬂ(IT

Karlsruher Institut fir Technologie

F1.2 cmd CMOS camera

buffer solution

Xenopus laevis embryo

image
sensor

% N

y scintillator
bending magnet - . Remybeam— \ lens

mirror

multilayer
monochromator,

translation,

height
S SS adjustment
d~50m '/, t =62 min 114 min
z=062m — tomographic sequence

Moosmann et al. NATURE 2013, NATURE Protocols, 2014
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Combination of Single Photon Counting Pixel Array ﬂ(IT

Detectors and Magnifying Coherent X-ray Optics
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um-resolution imaging with SPCDs

Bragg Magnifier optics as image magnifier combined to

GaAs Lambda Detector

1 Magnification up to 200, highly dose-efficient (>93%), up to

In vivo imaging for um resolution

D 200ph/um?* on sample

 : \

—— indirect detector

hologram 10 b % tomographic slicé | hologram

200 ph/um? on sample

—— BM at 30.5 keV

Trichogramma wasp biting through a parasitized moth egg shell
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normalized SNR?

DQEgym/DQE;yq

G =

phase contrast imaging at
constant dose, soft tissue

1.0 5
0.5 1
0.0
L] I Ll I
20 30 40 60
E (keV/ph)
gain in DQE(q) at 30.5 keV
103 4
Ll
-:..l
1.
102 5
10! E H theoretical limit
I~ <—— for G(q=0) by
1 1 scintillator X-ray absorption
T T T T T
0.0 0.1 0.2 0.3 0.4

spatial frequency g (pm™1)
BM at 30.5 keV

55 KT

Karlsruher Institut far Technologie

spatial wavelength (pm)
1 2-4 42 1

!_a
o
L

indirect
detector
NA = 0.28

normalized |OTF|
o
(6]
1

o
o
1

-1 0 L
spatial frequency g (pm™?)

At high spatial frequencies:

gain in DQE about
2 orders of magnitude

R. Spiecker et al., Optica 2023
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SPCDs combined with coherent X-ray optics

realizing kilometers long beamlines

Dose efficient contrast enhancement

Conventional
Phase Image

Amplified
Phase contrast

2.5

0.0

blackberry leaf,
mouse liver
lobe and
salamander in
ethanol

Proof of
principle
experiments
atKIT's
HIKA station
@PETRAIII

Bragg demagnifier

550 KT

Karlsruher Institut fir Technologie

xector
a4

sample

W

Bragg conditioner

R. Spiecker et al, under review

] =
—7M? 5
Zeff =17 Bragg magnifier
energy (keV) |resolution limit (pm)|demagnification M |gain factor M? |
29.0 68 25.7 660
30.0 91 45.4 2061
30.5 116 71.4 5098
31.0 190 144.7 20938

Patent application file number
102023 101 392.0

(J Combination of SPCDs and Coherent Bragg Optics provides massive phase contrast amplification

] Dose-efficient phase-contrast applicable to larger objects - radiation sensitive objects, (bio-)medical diagnostics

(J Combination with novel compact brilliant X-ray sources = new options for bio-medical imaging
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SPCDs combined with coherent X-ray optics even

better than kilometers long beamlines
Comparison for ESRF EBS conditions at BM18

at P23 PETRA IlI, but assuming symmetrical source

(a) object function —phase (rad)

1.0

0.5

0.0

(¢) PB-PCI with demagnifier, M = 25.7,
z&1m, zfx = 530m, zegry = 660m [/l
1.08

1.04

1.00

0.96

0.92

SPCD+BM

(b) conventional PB-PCIl, z =36m 1/l

1.08

1.04

1.00

0.96

0.92

(d)

conventional PB-PCl, z=660m I/l
1.08

1.04

1.00

0.96

0.92

SPCD, no BM
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(a) PB-PCl with demagnifier, M = 25.7,
z&1m, Zegix = 530m, zefr,, = 660m 1/l
1.08

1.04

0.96

0.92

(¢) PB-PCI with demagnifier, M = 71.3,
z%1m,zeff,X=4km,zeff,y=5km I/Io

0.2

SPCD+BM

55 KT

Karlsruher Institut far Technologie

(b)
conventional PB-PCl, z=660m I/l
1.08

1.04

1.00

0.96

0.92

(d)

conventional PB-PCl, z = 5km 1/l

v

}
‘ il ‘19\" M

0.2

SPCD, no BM
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Methods and Systems

Karlsruher Institut fir Technologie

Imaging, Spectroscopy, Scattering .g(n'

Example: Morphological Imaging

Goals
@ Material response during fabrication & processing

@ Microfluidics, e.g., in injection nozzles, capillaries

Approaches

@ Serial tomography / laminography for large
comparative studies

@ Hierarchical imaging
W Ultrafast cine-radiography & tomography
@ All this in situ, operando & in vivo

Application fields
@ Energy, information, automotive, aerospace, health-tech
applications

32 MT DTS Executive Board, May 07, 2024

¥

~ cMoD=13Imm

Hierarchical laminography of crack formation

Ultrafast CT of pyrolysis in heat shields for space crafts

MHz imaging for high speed microfluidics

05510
mm mm 10-30 mm

>30mm

00
_03
-
E
gos - |
5
3
B
09
12 .
0 03 06 09 12 15 18 2
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High-throughput, In situ, Iin vivo,

operando Appllcatlons

Example:
X-ray Imaging

Intelligent DAQ

systems with smart
pixel array detectors
and in-line algorithms

for data analysis

‘4‘—4

}

JO ? & X g: ln‘“:‘
. I A O =
Al | o) °

M

Experiment design, preparation and execution

Imaging Platform

/

-Irs
% ar olio
o L7 A | ol
= = FAOss
2 r‘.‘ BIE

it

Automated preparation

Sample Preparation Lab

i (

X-ray imaging

Samples &
Metadata

=

Fast storage

.

— | & GPU computing

\

Beamline

H Optical lnspecuon

i J/

@ Automatic instantaneous control
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® Al-based recognition control

550 KT

Karlsruher Institut fir Technologie

}»-,'{...T_;’

v w2
Data-driven dlSCOVGl‘y
DV scientific Commun“y

Online
Data Platform

.J =
’_r
I' i
1™
Al algorithms
Data &
Metadata

.

™o

Large online storage

i iimaditendly Fndaucq
Trained Al Accessible "R
models for
feedback lﬂlcrooorablc

Reusablea

Data managment
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Al-Supported Multidimensional Data Analysis g("‘

Develop Strategies for Al-based BiV
Data Analysis, and Management

Large on-line storage & large-scale Al ;

Information
technology

MorphoSphere for
digitized morphology

Advanced
materials

Deutsche
Forschungsgemeinschaft

LSDF-IIl Pilot Project DIFG

Materials
testing

Wi
Aktionsplan ErUM-Data S

Smart Data: Digitalisierung in der
fli G forschung

Bundesministerium
fiir Bildung

Von Big Data zu
Pe
und Forschung

Aktionsplan ErUM-Pro Fuel

Projektférderung zur Vernetzung von Hochschulen,
SMART-Morph 2022-2025
Smart modules for Al-supported Serial X-Ray Tomography
for Comparative Morphological Studies
Kl-Morph 2023-2026
Artificial Intelligence for Automated Segmentation of 3D
Image Data for Morphological Structure Analysis
KI4D4E 2023-2026
An Al-based framework for visualizing and evaluating
massive amounts of 4D tomography data for beamline

KIT

nnnnnnnnnnnnnnnnnnnnnnnnnnn

Novel
batteries

EEEEEEEEE
AAAAAAAAAA
SSSSSSS
EEEEEEEEEE

@7
Laboratory for Aaplr.an

of Synchrotron Radiation

E M C L URZ gsgfzﬁnszlgﬁféum IBCS-BIP J';j(u?nm Photon Science
Q ) ~/ and Synchrotron Radi:

34 MT DTS Executive Board, May 07, 2024

sprays ‘

for image analysis and automation
LSDF Il KIT & UHei
Supported by BMBF ErUM Data
Linked to NFDls, the Helmholtz
Incubator Platforms Helmholtz Al
& Helmholtz Imaging, link to
Information Program Transformative
Information Processing for
1 Sustainable Future,

Model
organisms

| ? Evolution

b R AT

3 i !
Biomimetics

serve for other HGF programs (LLS, v

MTET ...)

@ W

Artificial Intelligence & Scientific Computing

R S

SRR &

Karlsruher Institut fir Technologie

Developmental
biology

IR
~ Biodiversity and
Environment
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35

ST4 Contributions to ST1-3 AT

Karlsruher Institut far Technologie

B Sensor Materials Characterization

B Crystal defect characterization of High-Z sensor materials by X-ray topography, rocking curve imaging,
3D diffraction laminography ...

® Non-destructive testing
B Testing Flip Chip Interconnections by X-ray absorption Laminography ...
® Characterization of Detector System Performance

® key-parameters of full detector assemblies, e.g. energy resolution; spatial resolution, flux-dependent
linearity, stability, charge-sharing, ...

® Systems Integration of novel Detectors: Integration in versatile X-ray imaging pipelines (Hard- and
Software) at synchrotron beamlines and X-ray tube-based laboratory setups

® Dedicated method developments based on novel detectors and combinations with optics, smart analysis
B Dose-efficient phase contrast imaging, hierarchical imaging, serial CT, Cine-tomography, MHz-imaging
B Spectroscopic X-ray imaging with machine learning based material decomposition ...

® Application Tests: Quality measure for imaging properties evaluating exemplary applicability in life-science,
material research, ...

® MT-DTS-ST4 connects to other Programs and Research Fields
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Non-destructive testing
for flip-chip interconnection technology &‘(IT

Karlsruher Institut far Technologie

GaAs hybrid x-ray detector

Incident X-ray

oo AL
v RREERER

Top layer

Semiconductor

£ Ohmic contact

o SR e Schottky contact
Solder bump
CMOS read out chip Metallization layer

1800 projections

1 . 6 “m p|xe| Size GaAs detector array with flip-chip bonding between detector layer and

read-out chip
E=40 to 60 keV

—_—
170 pm
o -

3D rendering of an ROI: central part of two mutually perpendicular
AuSn solder joint array L Heften etal, NIM A 563.163-166 (2006).  CIOSS-Sectional slices
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Non-destructive testing
for flip-chip interconnection technology

AT

Karlsruher Institut fir Technologie

In situ imaging: AuSn solder flow on Si-GaAs assemblies
Reconstructed slices: AuSn solder joint array (55 um pltch) under heat treatment (T=300° C)
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ID15: 30 keV<E<70 keV at 60 mA ring current
600 projections (1.6 um pixel size)
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Characterization of Sensor Materials Q(IT

Karlsruher Institut fir Technologie

Intensitiy map FWHM map Peak position map

7 t

0.02

Rocking curve imaging of CdZnTe
Sensors

0.018

0.016

0.014

0.012

0.01

Correlation of Defect structure and
detector pixel performance in a
CdZnTe-Medipix Detector

600

500

400

300

(PhD-thesis Elias Hamann)

100 : 100
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39

ST4 contribution to DetecTABL AT

® Detector Test X-ray Lab
® Imaging Methods for Defect Analysis
® Beamlines for Application tests

B MT-DTS-ST4 connects to other Programs and Research
Fields
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ST4 Multidimensional Method A\‘("
Development and AppliCatiOﬂS ................................

® Imaging, Spectroscopy, Scattering — Methods and Systems
® High-throughput, in situ, in vivo, operando Applications

® Al-Supported Multidimensional Data Analysis
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MT-DTS-ST4 connects to other Programs and Research Fields (IT
Example: Characterization of Structure and Dynamics of Materials, ﬂ Al
Devices and Processes %\ i

405
404
403
402
401
400

Goals G
“ Characterize structure and its evolution on micro, nano, and atomic scales 25
= Correlate structure, dynamics, and properties < T s ETTIE
= Determine in situ/operando changes of electronic and chemical structure during

processing/operation

Excitation Energy (eV)

Ultra-
Hi Soft X-Ray

Va cg[: Synchrotron

AV Membrane

s 8
, NO 2, S HO
. . ) . C NH, ™ NH,
Energy technologles. —> characterize processes for storage, conversion ... Emission Energy @) [0, /[ofifo% 4
Rea?'t‘ants — 2'?.;';0 — Pr%duL{cts

(photovoltaics, solar hydrogen, catalysts, batteries, electrolytes, ...), understand degradation

Cu-SSZ-13 200°C& 1 bar

Information technologies: < characterization of growth and processing of wafers,
thin films, multilayers, nanomaterials, nanostructures - correlate structure and properties to 5 ~ ’Ua
understand multiferroics, photonics, quantum devices, high power electronics, ... \71\1'1/ e B &=
Silicon(111) ~ Gadroplets  GaASNW  corg Fe-shell
Transport technologies - In situ and operando 3D defect - E‘ = = —
recognition and 4D damage analysis A, 7 yg e/ ‘gﬁ’ 3}

=) Tension load
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MT-DTS-ST4 connects to other Programs and Research Fields Q(IT
Example: Morphology of biomaterials, biological systems and
bio(technological) processes SIonCS,

Goals \ ol

“ Digitize morphology of large sample series
“ Determine gquantitative morphological / morphometric / morpho-dynamic information

Biomaterials & -technologies: - morphology and bio-compatibility of biomaterials;
—> tissue engineering, scaffolds, organoids; = bionics, bio-catalysis, food engineering ...

|
Filled ‘:
channel Unfilled ‘
channel
liquid

multigenic contributions to development and disease - Generate digital twins of biological %}I@
systems (medaka, zebrafish, xenopus, ... brain); |.qu.w

Drv material Wetted material Electrolyte
Model organisms: = correlate morphology and molecular data; determine gene functions ° s

Biodiversity: - Digitize morphological diversity, correlated with molecular & ecological data,
including human impact; - Focus on indicator organisms for climate impact on biodiversity,
and models for environmental change on development; = Identify morphological key features to :,'f“ve”’”
determine evolutionary key events for diversification. k 1_)
segmentation
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Summary QAT

Karlsruher Institut fiir Technologie

® Based on the results of MML, KIT proposes to strengthen MT-DTS by a
fourth Subtopic

® KIT’s beamlines and labs will strengthen the DTS “Research
Infrastructures” - DetecTABL

® ST4 will support the system conception, design, characterization and
application

B Detectors for the use in Multidimensional Characterization of Materials, Devices,
and Systems

® Serial Digitalization of Morphology of materials and organisms ...
® MT-DTS-ST4 connects to other Programs and Research Fields
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AT

Karlsruher Institut fir Technologie

® Stronger absorption = high X-ray energies required
-> narrow Darwin curves - sufficiently precise instrumentation crucial!

Application of
X-ray Diffraction
Laminiography

to High-Z Sensor

W 68.5keV @ ID15A
® 004 reflection (5 = 3.669°)
® 300 projections

visible Materials
- Work on 3D reconstruction
ongoing (challenging)
Example:
® Changed contrast conditions (weak-beam): GaAs Medipix
® Pixel positions indicated Sensor

by strain localizations

- XDL data can be

precisely to
_ Medipix flat image
A =0015° contrast!
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Contribution of ST4 to the Characterization g("-
and Application of Detector-Systems

Example: Spectroscopic Imaging

1.0

—— E =25 keV, Ery = 8.5 keV/
—— E =25 keV, Ery = 20 keV
—— E = 35 keV, Eyy = B.5 keV
E = 35 keV, Ery, = 20 keV
E = 35 kaV, Eqy. = 30 keV

= = =
= o oo

Modulation transfer function

=
¥}

0.0 T T
[1] 5 10 15 20

Spatial frequency / mm—*

Presampling-MTF measurement of a
Medipix3RX detector with a 2mm CdTe sensor
in Single-Pixel-Mode

25

DOE(D)

lodine Gadolinium PMMA MWater
1.0 0 0 ]
= 50 = 50 =
= = =
[=% [=% [=%
100 100
li] 50 100 0 50 100 0 50 100
pixel pixel pixel
lodine Gadolinium PMMA Water
i] 0 i
= 30 = 50 ]
0] — BBkevCSM o . 2 2 H
=== B8keV SPM s '“-‘__
— 60keV CSM T 100 100
-== BikeV SPM T,
0.0 . | | | | 0 50 100 0 50 100
20 30 50 &0 70 B0 o0 pixel pixel pixel
Energy threshold | keV =
Q 100 200 Q.0 0.5 1.0
Concentration .f"::f' Density | L

DQE(0) measurement of a Medipix3RX detector
with a 2mm CdTe sensor for different photon

energies
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cm?

Material specific spectroscopic CT-slices of a test
phantom. Top: ground-truth, bottom: measurement,
Medipix3RX with 2mm CdTe in charge-summing-mode

PhD-thesis Marcus Zuber
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Contribution of ST4 to the Characterization g("-
and Application of Detector-Systems

an H. Mescher et al.
® Origami-inspired perovskite X-ray quantum 2 ,

detector by printing and folding

182 mm

35 1400 "l" 13
% |
1200 | \¢
< : T 08 gy
£ 30 El £ o Y
% fi= % ] e
> > w o6 L
) @ 800 ¥ = va
5 25 5 H = 120 1/mm
= 2 600 x 0.4 e
1%} 12] _L —L
20 400 ‘ 1 b5 sea e R o
200 W
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Viube (KVPI Ve (KVP] u[1/mm]

Fig. 3 X-ray sensitivity and spatial resolution. a, b X-ray sensitivities S of the planar (a) and the folded (b) detector as a function of the
utilized X-ray tube voltage Vy,pe. The experimentally determined sensitivities are represented by box plots. The individual pixel sensitivities are
also shown as symbols (crossed markers). The theoretical sensitivity prediction is depicted by the coloured areas. ¢ Presampled modulation
transfer function MTF of the folded detector as a function of the spatial frequency u. The MTF is determined by a numerical (markers) and an
analytical (solid lines) approach.

Flexible Inkjet-Printed Triple Cation Perovskite X-ray Detectors

Henning Mescher*, Fabian Schackmar, Helge Eggers, Tobias Abzieher, Marcus Zuber, Elias Hamann, Tilo Baumbach,
Ulrich W. Paetzold, and Uli Lemmer*

Nature/npj Flexible Electronics (2023) 7:9 ; https://doi.org/10.1038/s41528-023-00240-9
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