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Detector Technology and Systems (DTS)

“Develop advanced detector technologies & systems to convert multidimensional data into
information for scientific discovery”

ST1 N
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and Detecting
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“‘Realize intelligent
and compact
granular detectors
with high space
and time resolution”

- J
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Quantum
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“Establish highly
pixelated quantum
sensors with
ultimate energy
resolution”

o
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ST3

System
Technologies
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“Build sustainable
detector systems
and cope with
drastically
increasing data
rates”

J

ST4 R
ultidimensional

Methods and Data
Processing
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~
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“Integrate advanced
detector systems
into multidimensional
modalities for
scientific discovery”

o J
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Detector Technology and Systems (DTS)

KIT*s proposal for integration of MML@KIT into the ST-Structure of DTS
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ST1 - High-Z Sensors ﬂ(IT

Karlsruher Institut fir 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 up to 300 keV

® Development of large-area detectors

4R | Bngesninserom— Supported by BMBF Project 05K22VFBA — PERODET

= | firBildung

und Forschung U_Frel - MML = MT
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ST1 - High-Z Sensors Q(IT

Karlsruher Institut fir Technologie

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

® Perovskite materials are a promising alternative regarding availability, toxicity, and low production costs,
compared to conventional high-Z materials like CdZnTe or GaAs

® Crystal growth from solution and the melt of CsAgBiBr; and CsPbBr;
® [ntensive material characterization:

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

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

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

® Production of detectors:

® using Timepix3 and Timepix4 with High-Z sensor based on perovskites semiconductors

4R | prgeminiserin— Supported by BMBF Project 05K22VFBA — PERODET
IundForschung U_Frel - MML = MT
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ST1 — Sensor & Detector Characterization ﬂ(IT

Karlsruher Institut fir Technologie

Incident X-ray

,__
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|
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® Sensor Materials Characterization w4

® Crystal perfection / defect characterization of perovskites and conv. high-Z sensor
materials by X-ray topography, 2D rocking curve imaging, 3D diffraction S oo
laminography, ..., & SIMS, |-V, DLTS in collab. with U-Frei
. NO n _d estru Ctive Testi n g :Sei‘g\_soﬂttet:eﬁ:rarraywnh flip-chip bonding between detector layer and
® Testing flip-chip interconnections by X-ray absorption laminography ... DD oMot EfTe sqneer
® Characterization of Detector System Performance
® Timepix3 and Timepix4 with High-Z sensor based on perovskite
semiconductors > key parameters of full detector assemblies, e.g., energy and .|«
spatial resolution, flux-dependent linearity, stability, charge-sharing, ... i

Energy threshold / keV
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ST2 — Quantum Sensor Applications ﬂ(".

Karlsruher Institut far Technologie

guidance regular supervision
meetings

QUASY - Quantum Sensor Platform
for Synchrotron X-ray Spectroscopy

® Magnetic Microcalorimeters — MMCs

® For various beamlines in the IPS .
Spectroscopy Cluster T = neies

® Energy resolution orders of magnitude I r
better than for conventional EDX Coid siage f
detectors

IR

detector

| N side arm am detector
I { package

University mission
uoIssIw z)joyw|aH

Collaboration with S. Kempf (IMS), T. Vitova (INE)
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ST3

— X-ray optics

® Integrating Optics and Detectors in powerful
Detecting Systems

® [ntegration of high-Z Single Photon Counting
Detectors (SPCDs) and Bragg-Magnifiers (BMs) for
dose-efficient high-resolution imaging

® Compared to conventional high resolution imaging:

Efficient noise suppression
Improved (spatial) frequency-dependent OTF

Gain in DQE, particularly at the high frequencies
defining the resolution up to above two orders of
magnitude

Higher image contrast at um resolution
Substantial increase of dose efficiency

Bundesministerum Aktlonsplan ErUM Pro Supported by BMBF ErUM Pro Project

fiir Bildung
und Forschung

05K19VKE - HIGH-LIFE

For: hgftmkl

29 May 2024

dG llshft

SMNS = U-HEi = KIT = MML = MT Collaboration

BT,

Karlsruher Institut fir Technologie

lllustration of dose-efficient coherent near field imaging with 1 pm
resolution based on SPCDs (of <100 um resolution): Scheme and
instrumental realization of magnifying by asymmetric crystal optics
the X-ray image subsequently detected by a SPCD (here a GaAs
LAMBDA-detector); application example in vivo cine-radiography —
here a behavioral study of parasitoid wasps in their host.

R. Spiecker et al., Optica 2023
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Sample and inclined Detector
rotation axis

Karlsruher Institut fir Technologie

ST3 - X-ray optics —L\g . ST

T

Combination of SPCDs and Coherent Bragg Optics

provides massive phase contrast amplification

® Integrating Optics and Detectors to powerful () , z
Detecting Systems

® Integrating Bragg-Demagnifier Technology and SPCDs to b)

enable compact realization of holographic phase contrast

. . . . . . broadenin
imaging outperforming beamlines even with kilometers- . — | spatial : é’
long wave-field propagation distances Jreauency

—> drastic contrast amplification even for low spatial frequencies sample

- dose-efficient phase contrast at large fields of view

Bragg demagnifier

® Dose-efficient holographic phase-contrast applicable to

detector

wector

o

larger objects
—> radiation sensitive objects, (bio-)medical diagnostics -

® Combination with novel compact brilliant X-ray sources
- new options for bio-medical imaging

Bragg conditioner

8 | togemnsein Aktionsplan ErUM-Pro  Supported by BMBF ErUM Pro Project

pnaferchng it venanponsodsnaen, - OSK19VKE — HIGH-LIFE
SMNS - U-HEi = KIT = MML — MT Collaboration
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Karlsruher Institut far Technologie

ST3 — Detector and System Simulation

SPCDs combined with coherent X-ray optics will outperform even kilometers-long beamlines

for P23 PETRA I, but assuming symmetrical source Comparison for ESRF EBS conditions at BM18

(a) PB-PCl with demagnifier, M = 25.7, (b)
(a) object function —phase (rad) (b) conventional PB-PCI, z=36m I/l z~R1m, Zfx = 530m, zer,y = 660m 1/l o8 conventional PB-PCl, z=660m 1/l ™
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SPCD+BM
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SPCD, no BM
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ST3 — Detector and System Simulation .Q(IT

Karlsruher Institut fir Technologie

0 High-fidelity simulation of Simulating properties of a high-resolution indirect X-ray camera system

detecting systems

CMOS camera

® Optical Transfer Function (OTF) /
Modulation Transfer Function (MTF) /
Detective Quantum Efficiency (DQE)

® Dose efficiency

image —.

® Photon-energy dependence of direct senser
and indirect converting X-ray
detection systems ...

® ... and their involved components (X- __ _
ray optics, converting sensor, light 4
optics, read-out electronics, ...)

lens

mirror

A B relative position on OTF curve
1.2 I
. . £ 041 —
1.0 1 immersion o =
w
i} 0.3 1
0.8 1 “:) %
< s &
Z 0.6 (5 S Tjo2-
5 ©
0.4 [0 5% o1
- 25 E '
0.2 g
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Fig. S4. Optimized parameters for the indirect system and an LSO scintillator for different sam-
ple thicknesses (material: soft tissue) and resolutions. A Optimized numerical aperture over
sample thickness for different resolutions. We indicate that for high NA, objectives with immer-
sion liquids are necessary. B Spatial frequency gres that corresponds to the desired resolution in
relation to the spatial frequency gmax where the OTF of the objective becomes zero. C Optimal
operating energy. A lower limit is given by the light yield of the scintillator per absorbed X-ray
photon (gray arrow). The absorption edge of LSO determines an optimal energy of 11keV for
thin samples (black arrow). D Resulting normalized SNR? at the desired resolution, which is
an upper estimate for the dose efficiency compared to an ideal detector. The legend shown in C
is valid for all panels.
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ST3 - Detector and System Simulation .Q(IT

Karlsruher Institut fir Technologie

® High-fidelity simulation of complete DAQ systems

® Simulation of image formation from source via optics,

Including source blur, optics, detector OTFs / MTFs / /
_ Ray tracing for non-coplanar crystal arrangements
® Ray tracing .
® Near field / far field image formation ... Comparison
: : : ¢ : f . z of SNR and
®m X-ray Microscopy, grating interferometry image formation DOE of
® |Image formation in shift-variant systems (e.g., Bragg ] L™ | detecting
Magpnifier technology) e b ystems
. . . spatial frequency g (pm™? spatial frequency g (pm=!
® Generative Al models to simulate large image data sets o _—
® Al to close the reality gap of simulation T ”{wmﬁ

® 4D process simulation of complete experiments (digital

twin of beamline and samples) — and their influence on

6000 ph/pm?® 6000 ph/pm?

the data acquisition of the detecting system

indirect detector

Comparison of image formation of detection systems
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ST4 — Multidimensional Method and Data Analysis ﬂ(".

Karlsruher Institut fir Technologie

® Systems Integration of novel Detectors: Integration in versatile X-

ray imaging pipelines (Hard- and Software) at synchrotron beamlines * p— O —
and X-ray tube-based laboratory setups

S0 50

pixel
pixel
pixel

® Dedicated method developments based on novel detectors and o m
. . - . . 0 50 100 0 50 100 4] 50 100
combinations with optics & smart analysis e o e
® Dose-efficient phase contrast imaging, hierarchical imaging, serial ’ ’ ’
CT, Cine-tomography, MHz-imaging ... g 50 7
® Spectroscopic X-ray imaging with machine learning based material o
decomposition ... o 50 100 0 50 100 o 0 100
. . ] pixel pixel pixel
® Rapid RIXS: On-the-fly component integration from undulator to s e [
optics and soft x-ray photon detection systems Concentration / 75- Density /s

Material-specific spectroscopic CT-slices of a test

® Application Tests: Quality measure for imaging properties evaluating phantom. Top: ground-truth, bottom: measurement,

. et e D . h Medipix3RX with 2mm CdTe in charge-summing-mode
exemplary applicability in life science, materials research, ...
PhD-thesis Marcus Zuber
® MT-DTS-ST4 connects to other Helmholtz Programs and Research
Fields
13 29 May 2024
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ST4 — Multidimensional Method and Data Analysis Q(IT

Advanced multidimensional synchrotron method developments trigger new Kerlruber nstitut for Technologie
detector developments

Scattering for Phonon Studies of Nanostructures Low-Gain Avalanche Diode TI-LGAD technology
for dead-time reduced data acquisition

saturation effects (limited dynamic range)

Silicon sensor TI-LGAD Sensor
10000 L B e s =
3 0-6 ns: information is lost due to limited
§ time resolution of detector and electronics
Current 1000 - 7-15 ns: information is deformed due to —

detector

100 o

log. intensity

Timepix 3 bonded to standard pixel sensor
developed at CERN

10 o

prompt signal
delayed signal

A ———————t——————————t——————}
0O 10 20 30 40 50 60 70 80 90 100110120 130 140 150
time after excitation, ns Sync clock

phonon density of states nuclear inelastic spectrum instrumental function

. ) )
com 5 ; " ZYNQ card
- £ 004 = s ITI-
Nuclear Resonance Scattering ;... <= § 3 PLL
Beamline " oo, ¥ -
Energy (meV) 8 - i F P GA =
hi?hrenergy ey ronshr e} 'sos::ré;uua:sv:ro(;:vfo ;:r E
high heat resolution mono =]
load mono —— . = - ° ETH
5
— e Q

focusing system

LG:D LGAD

L6AD|®

A5 Bundesministerium Aktlonsplan ErUM-PrO S u p ported by BMBF EI’U M- PI’O
P ETRA I I I / IV front view of the gon lonater coher?r:;g::‘f;action % Lﬂ]rdsllflgr‘;gﬁung Projektforderung zur Vernetzung von Hochschulen, P roj eCt 05 K 2 2V K 2 — L A N R S

. Forschungsinfrastrukturen und Gesellschaft
envisaged detectors array

KIT-CS = MML = MT
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ST4 — Multidimensional Method and Data Analysis ﬂ(".

Karlsruher Institut far Technologie

Development for serial, in situ, in vivo, operando Applications

Advanced multidimensional synchrotron method developments trigger new
detector developments

® High dose efficiency and short
exposure times towards operando
soft x-ray detection systems

Example: The X-SPEC Beamline at the KIT Light Source

® Combination of powerful optics (e.g.,
gratings) and pixel array detectors

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

J. Synchrotron Rad. 28, 609 (2021)
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ST4 — Multidimensional Method and Data Analysis ﬂ(IT

Karlsruher Institut fir Technologie

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

® Novel high transmission soft x-ray spectrometer cimiimm - go soosit s otto -fom—Taiteu- B
detection system \ |
. u2s N e e e
® Reduces time for a RIXS map from tens of e
minutes to tens of seconds Uso
S N N R J. Synchrotron Rad. 28, 609 (2021)
> a) BN N K XES b) BN N K XES c) BN N K XES d) BN N K XES
‘2 NVexc ~410.2 €V NVeyx ~410.2 €V AVex. ~410.2 €V NVexc ~410.2 €V
g toxposure 10S toxposure 105 toxposure 05 toxposure 0-25'S

4

Y
o

IS
o
oo

O e
‘ tota = 1540 s

Excitation Energy (eV)
I N N
o o o
N B (o)}

N
o
o

385 390 395 400 405 385 390 395 400 405 385 390 395 400 405 385 390 395 400 405
Emission Energy (eV) Emission Energy (eV) Emission Energy (eV) Emission Energy (eV)
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ST4 — Multidimensional Method and Data Analysis ﬂ(".

Karlsruher Institut far Technologie

B Integrate Autonomous Data Acquisition and Smart Data Analysis into
multidimensional modalities for scientific discovery . «. . ==

i A

| N A

Experiment design, preparation and execution

# Development for serial, in situ, in vivo,
operando Applications

Imaging Platform

Sample Preparation Lab Beamline
@ Autonomous data acquisition oy, . T © o % .
® Autonomous system calibration . =1 :
® Al-supported controlling of DAQ process i 8:53 "’i ; et i°
® Immediate data reconstruction during @ g (][] () -FQ;,.,;H Jlué-F;d:a;'
measurement and remote visualization Pt L GPU computing
. Detector-image based continuous qua"ty £} Automatic instantaneous control 8 Al-based recognition control

assurance of the DAQ process
ﬂé Bundesministerium Aktlonsp]an ErUM-Pro Supported by BMBF ErUM-Pro Project

fiir Bildung

und Forschung Projexttteder iy ur Ver n Hoclitchilen 05K22VKA - SMART-Morph

Forschungsinfrastruktu dGllhf

KIT-CS — MML Collaboration
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ST4 — Multidimensional Method and Data Analysis ﬂ(".

Karlsruher Institut fir Technologie

Towards high
a Development for serial, in situ, in vivo, throughput

operando Applications

® System implementation for Imaging, Towards autonomous in vivo, in
Spectroscopy, and Scattering methods situ, operando DAQ
® Smart robotics for autonomous sample handlin ' **
’ O S

agarose —etﬁyl
tub e
plasticine

X-ray beam

® [ntegration of smart in situ, in vivo, operando
environments

Xenopus laevis embryo

scintillator

bending magnet

multilayer rotation stage
monochromator,

% Bundesministerium Aktlonsplan ErUM Pro Supported by BMBF ErUM-Pro Project

fur Bildung

und Forschung i 05K22VKA - SMART-Morph

o KIT-CS — MML Collaboration —_— e

d~50m

z=0.62m
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ST4 — Multidimensional Method

@ Al-Supported Multidimensional Data
Analysis

® Develop Strategies for Al-based Big Data
Analysis and Management

® Al-based visualization and evaluation of
massive amounts of 2D to 4D data

@ Artificial Intelligence for automated
segmentation of 2D to 4D data for analysis

® Al-supported correlation of multidimensional
X-ray data and complementary metadata

Bundesministerium
fiir Bildung
und Forschung

Aktionsplan ErUM-Data Supported by BMBF ErUM-Data Projects

Von Big Data z SmxrtDt o; x ndu
nnnnn l\ul 5

d

KIT-CS — MML Collaboration

19 29 May 2024

and Data Analysis

05D23VK1 - KI4D4E and 05D23VK2 — KI-Morph

AT

Karlsruher Institut fir Technologie

Example:
MorphoSphere for digitized morphology

Biomedical Technology & Life Sciences

(02

Materials, Energy & Technology

1 a Z

Model
organisms

Information
technology

MorphoSphere

+ Immediate, fast access (LSDF) Online data * During POF [V up to 9 PB
. < A lative st
Advanged Delayed access (tapes) storage ccumulative storage Evolution
materials v
- FindabieQ
+ Read/write access for collaborators Online data Accsssiie &
) = * Read access for broad public exchange lidensantf
Maler.|als *i\‘ - Revaoc 08 Developmental
testing | Tal - biology
. * Tomographic slices Online » Annotated structures
« 3D renderings visualization * Metadata
-
Fuel 7 pe -~ ~ Biodiversity and
sprays + Collaborative data annotation Online + Training of ML methods - Environment
+ Adding metadata interaction * Online exploration of results
A
Novel E ofpye  Nfdi @
batteries 3 \ || Biomimetics
XrayNet Digital twins 5 =

Simulation Virtual reality

’ Machine Learning ’ *

Artificial Intelligence & Scientific Computing

KIT

eeeeeeeeeeeeeeeeeeeeeeeeee

((((((
AAAAAAAAAA
SSSSSSS
EEEEEEEEEE

car SCC
Laboratory for Applicatio

of Synchrotron Radiation

IIIIIIIIIII

nnnnnnnnnnnn
UR) RE O 2N

and Synchrotron Radiation
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ST4 — Multidimensional Method and Data Analysis Q(IT

Karlsruher Institut fir Technologie

B Integrate Autonomous Data Acquisition and Smart Data Analysis into
multidimensional modalities for scientific discovery

® Method Development for serial, in situ,
In vivo, operando Applications

Approaches

® Serial tomography / laminography for large
comparative studies

® Hierarchical imaging, spectroscopic imaging
Ultrafast cine-radiography & tomography
® in situ, operando & in vivo environment

05510

R | fundeminsteium - Aktionsplan ErUM-Data  Supported by BMBF ErUM-Data

T B ;L;_u= ‘
A I iy i b Project 05D23VK1 — KI4D4E and MHz imaging for high speed microfluidics “f’jE
ANR-DFG Project Lambda L ——
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ST4 — Multidimensional Method and Data Analysis Q(IT

Karlsruher Institut fir Technologie
ST4 connects MT to other Programs and Research Fields -
404
403
402
401
400

Energy technologies - characterize processes for storage, conversion ... (photovoltaics, solar
hydrogen, catalysts, batteries, electrolytes, ...), understand degradation

Excitation Energy (eV)

Information technologies > characterization of growth and processing of wafers, thin films,

. ) _ BABr/ 380 385 390 395 400 405
multilayers, nanomaterials, nanostructures - correlate structure and properties to understand FA4:CS0.1,Pb (1 6Bro.)s Emission Energy (eV)
multiferroics, photonics, quantum devices, high power electronics, ... o ——

Ultra-
H Soft X-Ray

igh synchrotron

Spectrum vacoum

AV Membrane

Transport technologies = In situ and operando 3D defect recognition and 4D damage analysis - '7% §Hzo
. NH, NH_
_ . . . ) Emission Energy (eV) 0, 0:1\]'01?9"1 NS
Example: Characterization of Structure and Dynamics of Materials, Devices, Reagtants —JNNER S S > Pronucts
and Processes Cu-SSZ-137 s s

Silicon (111) Ga droplets GaAs NW

%

GaAs-
core
Fe-shell

® Characterize structure and its evolution on micro, nano, and atomic scales

GaAs-
core

-
Goals | < 1*‘@ I I

® Correlate structure, dynamics, and properties - R & o.:ﬂt

V«_‘/

® Determine in situ / operando changes of electronic and chemical
structure during processing/operation

U
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ST4 — Multidimensional Method and Data Analysis Q(IT

Karlsruher Institut fir Technologie

ST4 connects MT to other Programs and Research Fields

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

{

Model organisms -> correlate morphology and molecular data; determine gene functions & HIU
multigenic contributions to development and disease - Generate digital
twins of biological systems (medaka, zebrafish, xenopus, ... brain);

Drv material Wetted material Electrolyte

[
Filled

channel Unfilled

channel

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 determine evolutionary Bt

quid
key events for di ificati

y ev iversification w%g@ —_ . .

ili# ‘N Bio-catalysis: -
Example: Morphology of biomaterials, biological systems, and bio(technological) Model organisms
processes
Goals
® Digitize morphology of large sample series A|-dnvenm-1
® Determine quantitative morphological / morphometric / morpho-dynamic information oy

segmentation
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DetecTABL: Research Infrastructures for Detector g("-
Development, Test and Application Beamlines & Labs = b

Test and Application Beamlines & Labs

® Beamlines for Characterization, Detection Performance Tests,
Method & System Development for Multidimensional Data
Modalities & Application

® |PS Spectroscopy, Scattering & Imaging Cluster to convert
multidimensional data into information for scientific discovery

Multidimensional data acquisition & processing
High throughput, operando, in situ & in vivo data acquisition
X-SPEC for cutting-edge soft and hard x-ray spectroscopy development

IMAGE & HIKA: unique portfolio for laminography, hierarchical imaging, and
serial tomography for large-scale comparative studies

® Methods Development & Application for @:
® Sensor characterization & detector performance ;

® CL-CT-Det-Lab: Laboratory-based X-ray Development Platform for quality
assurance of optics and detectors & method development - L Lo

® Synchrotron based sensor characterization, detector performance tests

® Development of methods of multidimensional modalities and application to ! & ik
real-world challenges B3

Lens Sample  DET
Lens Sample BM  DET
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Summary A\‘(IT

® Based on the results of MML, KIT proposes to strengthen MT-DTS by further
contributions in ST1 — 3 and in a fourth subtopic, jointly with DESY

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

B KIT’s beamlines and labs will extend the DTS “Research Infrastructures”
portfolio > DetecTABL

B KIT’s new activities in MT-DTS will contribute collaborations with other
Helmholtz Programs and Research Fields
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