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DZA concept : 3 pillars

Data Intensive

Astronomy Computing

Interlocking of pillars <» unique synergies
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Electromagnetic sensor/optics
technology (possible examples)

» detector technology through 2050 & wide field- - “{ !
of-view optics '

* science-grade CMOS with low read noise G 8 'i e
e curved detectors \
* integrated optics (astrophotonics)

* optics for next-generation interferometry, laser
frequency combs R ———

* NIR array detectors (e.g. for GAIA-NIR) . it ,
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Personnel development (2023-2025)
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Personnel development (2023-2038)
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Center for Technology: provisional labs 2024-2030
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Center for Technology: provisional laboratories 2023-2030
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Center for Technology: provisional laboratories 2023-2030

\ )

\ OLAB

08/2024
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Center for Technology: provisional laboratories 2023-2030

OLAB

= 05/2025
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Center for Technology: provisional laboratories 2023-2030

DLAB

08/2024
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Center for Technology: provisional laboratories 2023-2030

DLAB

05/2025
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Center for Technology: provisional laboratories 2023-2030

DLAB

Activities since
2024
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Simulations

Hamamatsu ORCA-Quest 2
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gCMOS Detectors and the Case of Hypothetical Primordial Share this article
Black Holes in the Solar System, near Earth Objects, B f X 2
Transients, and Other High-cadence Observations

Martin M. Roth"?3
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Executive Summary: ORCA-TWIN Experiment

The ORCA-TWIN Experiment is a proof-of-concept to explore time domain astronomy with a
novel CMOS sensor technology that offers low readout noise and very short readout times.
The qCMos technology developed by Hamamatsu is commercially available and comes as a
turnkey ready camera systemn lled ORCA-Quest2.

key features are: 4096 ¥ 2304 pixels®, 4.6um square pixels, OF. = 85% at 450nm, readout
noise 0.3 &, frame rate up to 125 fps.

Numerical simulations show that this camera is far superior to CCD cameras in terms of siznal-
to-noise ratio for time series ohservations with time steps below 10s (Roth 2024%). This
capability opens the door to novel applications in time domain astronomy. Science cases
include, but are not limited to:

fast moving solar system objects, especially near-earth objects
high precision asteroid tracking to search for primordial black holes
space debris

exoplanet transits in M stars with flare activity

rapid follow up to high-energy transients

DZA has procured two ORCA-Quest? cameras and intends to perform a proof-of-concept
experiment with two remote im-class telescopes aiming at synchronized high speed imaging
of such targets. Besides unprecedented time resolution, the remote twin configuration offers
opportunities to suppress errors induced by atmospheric turbulence and extinction, and to
triangulate nearby objects with high precision. Calar Alto Observatory in southern Spain and
STELLA at the Teide Obsarvatory, Tenerife, are ideal locations to implement the experiment.

! Rokh, M. 2024, GCMOS datectors ond the cose o_rmﬂmnh‘cm'pn'mm'm'w Bdack hokes i the soior systam,
near sarth Mlim tramsients, and ofhar m'gw codence phsarvafions, Res. Mobes A45 8, 282

For internal use Issue: v 0.3 Doc. No: ITE_PLN_001
Date: 2025-01-15
Page | 200f19

8.6 Fast-cadence high-contrast Bayesian imaging with photon counting camera

Pl: Prof. Dr. Torsten EnRlin (DZA)

Direct imaging of exoplanets is challenging due to the high brightness contrast between a star and its
exoplanets at very small angular separations, just a few times wider than the largest telescopes' diffraction
limit, aggravated by atmospheric turbulence that distorts the incoming wavefront.

While extreme adaptive optics (EXAQ) partially compensates for these distortions, residual spatiotemporal
variations create a complex speckles pattern, changing on a few millisecond timescale, that obscures
fainter companions (Fig 1, left panel). To enhance contrast, data post-processing techniques, such as ADI,
PCA-ADI, and newer methods, leverage field rotation to model and subtract the central star's light and
speckles, mitigating residual noise and improving detection capabilities.

10

ADU counts

Fig 1: Left panel: snapshot data (instantaneous PSF convolved star plus shot noise) in the focal plane (rebinned to 100 x
100 pixels) of the 5.5 mag star Gl 777, acquired with the SHARK-VIS Forerunner instrument at the LBT in a 1 ms exposure;
the interference pattern shaped by the atmospheric fluctuations (“speckles”) is well visible all around the star. Middle
panel: HCBI reconstruction of the PSF convolved star (without shot noise) for the corresponding frame, shown with the
same logarithmic color map. Right panel: the reconstruction in the pupil plane of the optical path difference field for that
frame of the G 777 sequence, which determines the reconstructed PSF shown in the middle panel (from Roth et al. 2023).

Recently, we introduced a new method, dubbed Hight Contrast Bayesian Imaging (HCBI, Roth et al. 2023 ) to
improve exoplanets detection in high contrast imaging by exploiting the statistical properties of the rapid
variation of the PSF acquired by the fast-cadence SHARK-VIS camera at LBT (Pedichini et al. 2024), thanks to
an explicit forward data modeling that simulates the natural information flow from the signal to the detector.
The algorithm is based on the mathematical methods of Information Field Theory (IFT, Englin 2019) and uses
Bayesian inference to simultaneously reconstruct the true object and the PSF evolution from a kilohertz-rate
frame sequence acquisition, where the speckle pattern can be considered freezed in each frame. In the
practice, it infers the instantaneous wavefront at the telescope pupil which produced the observed speckles
for each frame (Fig 1), leveraging on a set of prior information reflecting the physics of the object, the
atmospheric perturbations, the telescope and detector response, and the photon and readout noise
statistics.

In these short acquisitions the individual speckles are imaged in a photon starved regime, a situation where
the photon count accuracy would be greatly improved if a photon counting device were used. In this context
a low-noise qCMOS camera like the Hamamatsu ORCA-Quest would provide a noticeable advance with
respect to the current Zyla sCMOS sensor on board SHARK-VIS, whose read out noise is larger than the single
photon signal which does not allow exact photon counting and reduces the performance of the bayesian
reconstruction. Such a photon counting camera can acqire frames at 1KHz rate in a 256x256 pixels format,
which is the standard frame size in SHARK-VIS for close companions targets and, being only limited by photon
noise, it's usage could reveal the physically faintest detectable exoplanets given the star magnitude, the
telescope size, and the atmospheric conditions.




Calar Alto Observatory (southern Spain)

ORCA-TWIN @ 1.23m Telescope
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Innovative faseroptische Spektroskopie * °¢.
A I P und Sensorik .

INNOFSPEC Potsdam: innovative fiber-coupled
spectroscopy and sensing
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Spectrograph-on-a-chip: Generation
1.

DEsigﬁ o =

Design E-5

Design A-1 A-2 B-3 B-5 C-4 D-3 E-5
FSR (nm) 11.9 11.9 16.1 16.1 226 322 474
IL (dB) 1.45 2 1.99 3 22 1.66 1.65
Ad (pm) 96 T0 T8 56 T7.5 146 152
PD.A (pm) 28 27 39 57 40 48 65
R simulated 17,400 24,600 23,100 34,800 23,300 11,500 11,800
R measured (TE) 16,100 22,000 20,000 27,600 20,000 10,600 10,200
Ruirect (TE) 20,540 29,490 25,270 36,000 25,760 13,880 12,880
Riigect (unpolarized) 18,600 24,000 18,300 - 16,700 12,100 9,600
AR 0.08 0.06 0.06 0.14 0.156 0.075 0.084 P 15 R
AWG W’Ehographic
mask
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Potsdam Arrayed Waveguide Spectrograph

CAD View PAWS assembled in the lab
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MVGaiaDN Detector Meeting

Meeting being held in Cambriclge n Julg Iﬁ-—léth to discuss technologg for GaiaNIR

Technical challenges of space-based astronomy

Industrial Partners like Leonardo UK will attend and all People interested are welcome

Update of LmAPDs for low background flux applications

B
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T il b - 2 i i 2

SORNCE SEEEL SR

Dimensions

512x512/24pm

1024x1024/15um

2048x2048/15um

Status

Detectors provided to consortium
partners for evaluation and
system development.

First science grade devices under
assessment — see Charles-Antoine
laveau talk tomorrow for further details.

) Collaborator

ESO, Max Planck and NC Al

NP

Current
Planned
Uses

Prototype arrays manufactured

ASA APRA ROSES, University of Hawai'i

ESA

Wavefront sensing for extremP
Adaptive Optics (AO)
Over 2000 frames per second.

Extreme low dark current applications

Earth Observation

o TR RSB




Large Saphira contract with AIP

2 devices delivered
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Large Saphira contract with AIP

Test PGA

Dr. Manoj Varma (AIP)

/\
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C-Red-One camera available at DZA Detector Lab

Stella Vjesnica (DZA)

Pasko Roje (DZA)
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C-Red-One camera available at DZA Detector Lab

Recelved: 6 September 2023 | Accepted: 6 September 2023

DOI: 10.1002/asna.20230124

Astronomische
Nachrichten

PROCEEDING

Characterization of a C-RED One camera for
astrophotonical applications

Stella Vjesnica'®" | Eloy Hernandez!" | Kalaga Madhav'"' | Martin M. Roth'?

'innoFSPEC-Technical Section/Detector

Systems, Leibniz-Institut fiir Astrophysik Abstract

Potsdam (AIP), Germany To better understand the impact of the avalanche gain applied in the detector tech-

nstitut fiir Physik und Astronomie, nology and apply this technology in our in-house astrophotonic projects, we have

Universitit Potsdam, Germany characterized a C-RED One camera and produced a stable and reliable method

A for calculatlr.lg the system gain at any r}es}ued amffilanche ga.m stettmg. We ubser\re.:d ) )

Stella Vje&nica, innoFSPEC-Technical that depending on how the system gain is obtained, multiplying the system gain St el I a V J esnica (D Z A)
Section/Detector Systems, Leibniz-Institut times the avalanche gain may not accurately produce a conversion factor from

fiir Astrophysik Potsdam (AIP), An der electrons to ADUs. As the acquisition of a photon transfer curve (PTC) was pos-

Sternwarte 16, Potsdam 14482, Germany.

griEhsen 3 sible at different avalanche gain levels, several PTCs at low avalanche gain levels
Email: svjesnica@aip.de

were acquired. Consequently, a linear fit was produced from the acquired sys-

Funding information tem gain as a function of the avalanche gain setting. Through the linear fit, the
A S e A e e o M) effective system gain was calculated at any desired avalanche level. The effective
Forschung, Grant/Award Numbers: ; . L K i

03Z22A51 Meta-Zik AstrOOPtics, system gain makes possible to accurately calculate the initial system gain without
03Z22AB1A NIRDETECT, 03Z22A11 the ambiguity introduced by the nonlinearity of the system. Besides, the impact of
Strategic Investment, 03Z22AN11 the avalanche gain on the dynamic range was also analyzed and showed a stable

Astminics behavior through the measured avalanche range.

KEYWORDS
C-RED One, SAPHIRA, detector, avalanche photodiode, sub-e noise
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ZENTRUM FUR TECHNOLOGIEENTWICKLUNG // SCHWERPUNKT DETEKTORFORSCHUNG

Novel Detector Technologies
and their Application Potenti

H. THIERSCH, L.C. WINKLER, F. KRETSCHMER, J. BENDUHN

/// /Johannes Benduhn
DZA/TWY Dresden
0.01 nm 10 nm 400 nm 700 nm 1T mm Tm

4 i 7

A—InGaAs 7

Conventional and
new materials AGa, 0517 + Organic semiconductors |-

for detection . i Perovskltesl

/— Quantum dots | — Ceo Ziﬂ:yg:it::lﬂ-
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Flexibility

Narrowband photoresponse
External quantum efficiency

D*® e
Noise current EQE
Performance overview l("’\. ~
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Curved detectors

- Telescope field curvature compensated by curving the detector rather
than flattening the field with additional optical surfaces

Increased instrument throughput, reduced mass, cost....
« ESO is developing a highly curved CMOS detector
4K, 6K to 10K sensor, minimum 10-15 um pixel

Dark noise ~1 e- / 30min / pixel

of curvature) / (diameter of the sensor) >

Collaboration with IPMS Fraunhofer Dresden and Deutsches Zentrum
fur Astrophysik, on this topic in preparation

« Proof of con

49

EAS 2025, Cork, Possibilities for Instrumentation beyond 2040, Ramsay

Flat Toroidal
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Muslimov et al, arXiv:2503.09300v1
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300 mm Wafer CMOS Facility in Dresden

\

~ Fraunhofer

IPMS
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DZA interests in GaiaNIR

* Science (with TUD and AIP)

 Conceptual design studies of detector
subsystem

* On-sky TDI experiments with eAPD

* Industrial scale detector development

* Long-term: detector system integration
& test
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WST - the next big thing @ ESO?

Conception Design Study (Horizon

Europe)
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Detector system challenges of the wide-field spectroscopic

survey telescope (WST)
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Abstract

The wide-fleld speciroscopic survey telescope (WET) is proposed to become the
next large optical/near infrared Eacility for the European southern observatory
(ESD) once the extremely large telescope (ELT) has become operational. While

“Ennopean Soothem Obseratory,
Germany

Correspandence
Roland Bacon, Univ Lyoo, Univ Lyon1,
Ens de Lyon, CNRS, Centre de Recherche
Astrophysique de Lyon UMRSSTS,

MFITANLL, D3ZIIAHIA
KE¥YWORDS

Imizgral fledd

the latter 1s optimized for unprec
image quality over a small Aeld of view, WST addresses the need for large survey
volumes in spectroscopy with the light-collecting power of a 10-m dass tele-
scope. Jis unigue layout will feature the combination of multi-ohject and integral
field spectroscopy stmultanecusly. For the intended capacity of this layout, a
wvery large number of detectors are needed. The complexity of the detector sys-
tems presenis a number of challenges that are discussed with a focus on novel
appmaches and innovative detector designs that can be expected to emerge over
the anticipated 20-year Umeline of this project.

and adaptive-optics assisted

1 | INTRODUCTION

W5T 15 proposed &s an innovative 10-m class wide-Aeld
spectroscopic survey telescope with a large feld of view
(5 sg degree) providing stmultanesus operation of a
high-multiplex {20.000) multi-object spectrograph factlity
with both medium- and high-reslution modes (MOS),
and a gtant panoramic integral feld spectrograph (IFS).
Through spectroscoplc characterization, WET will lever-
age the understanding of the data from many other huge
Imaging surveys that merely detect and dassify sources.
WET will achleve tmnsformative results In maost areas

The Wit hitpect! =

it chfect CED, CMO%

of astrophysics (Figure 1k for example, the nature and
expansion of the dark Universe, the formation of first stars
and galaxies and their mole in the cosmdc relonization, the
study of the dark and baryonic material in the cosmic web,
the baryon cycle in galaxies, the formation history of the
Milky Way and dwarf galaxies in the Local Group, char-
ecterization of exoplanet hosts, and the chamctenzation
of transient phenomena. The WST telescope and Instru-
ments will be designed as an Integrated system and mostly
use existing technology, aiming to minimize iis carbon
footprint and impact on local environment. The ambition
15 to make WET the next large ES0 project after the 3%-m
ELT. ESO 15 the major inter-governmental organization
for European astonomy with & unique suite of

“Thés 5 a2 open acTiss ariice wsder he lerms of (e Creathe Communs Alirfution Licemse.

‘origtra work 15 peopeny clis.
= 07 The Anthors.

Wlley-¥CH GriH.

n =y medium, proviced e

At ety DEIATAI.
i/, g 0L B2 O30 17
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The WST Science Team

The enthusiasm of the astrenomical community for the WST is testified by the ever-growing Seience Team, which includes more
than 700 members rom 34 countries across five continents, covering the wide rangs of science that this new facility will be
tackling. The WST project is effectively deveted to an open stience policy, Sllowing any professional astrenames to join he

Science Team.

The Seience Team, which plays 8 key fole in providing the science driven requirements for the WST, is led by the project scien-
tist, Vincaree Mainieri, and it is arganised in five working groups, sach being coordinated by two or three scientists:

Galactic
anessa Hill, Rodolfo Smiljanic,
Elirve Tolstoy

Tha WET will play & iranslormational
Fole o the study of our Galay. Seience
ciivars are developed arund tha origin
of glaments, the onfgin of the Miky Way
gyslem, and tha origin of stars and
planats. The high-m@aeciution MOS wil
dsliver ke 8nd preciss chernical abiun-
canoes down to faind slars, whie the
Iow-resciution MOS will significantly
enlargs the wolume up b which informa-
10N O CHama-Gynamics will be acoss-
sible. The IFS will allow detaled sludies
of stellar poputations in dense regions ol
e Galawy, such as the Bulga or the
oaniral parts Of star Cluslers and
rreassive shar Tomming regions.

Exira-galactic
Francesco Belfiore, Richard Elis,
Mark Sargent

AN GUlELanding ES06 in Cumen! axtra-
galaclic sludes is a balier physical
unsarstanding of the inlerplay betwesn
cark, selian, ard gaseous rrataral
inchucing how primondial and metal-
anvichad gas fowe in and out of
galades on vanous scales Tha WET wil
alw answanng Such questions with &
laFge SpRChnSCOpic SUPvey 8l mdshit
1< 7 <5, COMBSpONGng 10 & formiative
period i coamic hislory, and daep IFS
ebrabions 1o 1racs tha cosmmic web in

amission

Image credit: Foland Bacon [CRALL

Resolved Stellar
Populaticns
Martin M. Roth & Anna McLeod

The WET will becoma & uniqus, urrivel-
Bl Faciily for Ihg SpectrScopic Sty of
resoived stellar populations, also
Dayond the Miky Way, Up 1 nesrby
Local Volume gelaas, by providng &
wis-fiekcd IFS for crowded fields, and
smuULaneously & 2-gegres dEameter
KOS for SUMOUNGNG ansas whers
crowding g not &n issie.

Time domain
Aichard L Anderson, Cyriele Opitom,
Paula Shnchar Sher

The WET wil provids an ungrecedenied
spactiacopic charactansation of
trangiant and e varahis phanomens
Time-domain and mulli-messenger
astronomy are lighlly connected since
railli-miessanger evants ans typicaly of
a fransient nature. The WST s being
concsved with & Bme-coman mindset,
1o enatle maximum eperational Resdbility
AN rapi 1 PrOCESENG, wilh SCiEncs
casas spanning all physical ecales from
Solar syslem otjects 10 Cosmokgy and
al-time scles from hours 1o decades.

; w

imagn crodi: Hirkds of al (2024

Cosmology
Michele Moresoo, Jean-Paul Kneib, Sofia Contarini

W L L o MG Sosmaogy
probes ke supernovas, the Cosmic
Microwave Background, galasy
clustering, and weak lensing, asteng-
méers damonstrated that lheexpengim
ia accalkraling! The labest expariments
e DESA, &ré nicw challenging the
atanciard ADDM cosmcogical mocsl
The WET wil ba instrumentsl to Lrvedl
the Iruis Natuire of our Univeese and its
derk components by sampling signifi-
cantly noreased cosmological voLImes
where sigrafures of nen-Gaussianily
iy larpe SCAIGE can baat MO of
irflation, over large look-Back limes,
thereky cirectly probing he growth of
shructure and cosmic expansion history.

The WST will be sampling with unprece-
dertad statislics and acouracy Doth the
dersast mgions of e Lniverss [Cluslers
of galaxies) and the under-danss regions
wicis) that will e very poweril
cosmolngical probes.

Imaga crodit Johan Fichard (CRAL).

Martin Roth  Lange Nacht der Wissenschaften TUD 2025

Resolved Stellar
Populations
Martin M. Roth & Anna MclLeod

The WST will become a unique, unrival-
ed facility for the spectroscopic study of
resolved stellar populations, also
beyond the Milky Way, up to nearby
Local Volume galaxies, by providing a
wide-field IFS for crowded fields, and
simultaneously a 2-degree diameter
MOS for surrounding areas where
crowding is not an issue.
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Image credit: Martin Ro
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WST RESPOP
Science Case:
Massive Stars

land Il
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WST RESPOP
Science Case
Local Group
Dwarf

Galaxies
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WST RESPOP Science
Case:

Binaries in Globular
Clusters

Target star
with best fit
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WST RESPOP G 3e
SClence Case WST IFS,

.
-

Local Volume deltimn 000 N
Galaxies e g -

’
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