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Vorbemerkung

Der Wissenschaftsrat ist 2024 vom damaligen Bundesministerium fiir Bildung
und Forschung (BMBF), dem heutigen Bundesministerium fiir Forschung, Tech-
nologie und Raumfahrt (BMFTR), gebeten worden, ein wissenschaftsgeleitetes
Verfahren zur Bewertung von Vorhaben fiir umfangreiche Forschungsinfra-
strukturen im Rahmen eines nationalen Priorisierungsverfahrens durchzufiih-
ren. Der Wissenschaftsrat hat fiir die eigenstindige Durchfithrung dieses Ver-
fahrens einen mandatierten Ausschuss eingesetzt, der aus Mitgliedern des
Wissenschaftsrats sowie weiteren Sachverstindigen besteht.

Der Ausschuss hat dem BMFTR im Juni 2025 empfohlen, den deutschen Beitrag
zum internationalen Vorhaben ,Large Enriched Germanium Experiment for
Neutrinoless Double Beta Decay (LEGEND-1000)“ im Laboratori Nazionali del
Gran Sasso (LNGS), eingereicht durch die Tragereinrichtungen Max-Planck-Insti-
tut fiir Kernphysik (MPIK) und Technische Universitit Miinchen (TUM), auf eine
Shortlist fiir aus forschungspolitischer Sicht prioritire Forschungsinfrastruktu-
ren aufzunehmen. | ' Nach Zusammenfiihren der Ergebnisse der wissenschafts-
geleiteten Bewertung mit der parallel erfolgten Bewertung der Kosten und Risi-
ken sowie des Innovations- und Transferpotenzials folgte das BMFIR dieser
Empfehlung und veréffentlichte im Juli 2025 eine Shortlist mit neun Vorhaben,
darunter LEGEND-1000. Das Ministerium bat den Wissenschaftsrat zugleich, die
Vorhaben der Shortlist evaluativ zu begleiten, um sicherzustellen, dass sie best-
moglich etabliert und die Empfehlungen aus den Bewertungsstringen der Prio-
risierungsphase aufgegriffen werden.

Der Ausschuss setzte zur evaluativen Begleitung von LEGEND-1000 eine Arbeits-
gruppe ein, die aus Gremienmitgliedern der drei Bewertungsstrange des Priori-
sierungsverfahrens, weiteren Expertinnen und Experten sowie jeweils einem
Gast seitens des Bundes und der Linder bestand. Damit haben in dieser Arbeits-
gruppe auch Sachverstindige mitgewirkt, die nicht Mitglieder des

|1 Einen Uberblick iiber das wissenschaftsgeleitete Bewertungsverfahren und alle eingereichten
Vorhaben bietet:  Wissenschaftsrat  (2025): Bericht zur  wissenschaftsgeleiteten  Bewertung
umfangreicher Forschungsinfrastrukturvorhaben fiir das nationale Priorisierungsverfahren; Koin.
DOI: https://doi.org/10.57674 /gkyb-es17

Die Verlinkungen in diesem Dokument wurden zuletzt abgerufen am: 14. Juli 2026.


https://doi.org/10.57674/gkyb-es17
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Wissenschaftsrats sind. Der Wissenschaftsrat ist ihnen zu besonderem Dank
verpflichtet.

Die Arbeitsgruppe hat das LNGS in Assergi, Italien, am 13. und 14. April 2026
besucht und auf Grundlage dieser Begutachtung einen Bewertungsbericht
(Evaluation Report) verfasst. Nach Verabschiedung durch die Arbeitsgruppe ist
der Bewertungsbericht im weiteren Verfahren nicht mehr verdnderbar.

Der Ausschuss hat auf der Grundlage dieses Bewertungsberichts am 13. Juli 2026
die vorliegende wissenschaftspolitische Stellungnahme verabschiedet.



A. Kenngrolden

Das Large Enriched Germanium Experiment for Neutrinoless Double Beta Decay
(LEGEND-1000) ist eine geplante Forschungsinfrastruktur, die von einem
internationalen Konsortium im Laboratori Nazionali del Gran Sasso (LNGS) in
Italien eingerichtet werden soll. Es handelt sich um ein Experiment, das
fundamentale Eigenschaften von Neutrinos erforschen und zentrale Fragen der
Teilchenphysik und Kosmologie beantworten soll. Das vorrangige Ziel ist die
Suche nach dem neutrinolosen doppelten Beta-Zerfall (OvBf) von Germanium-76
("*Ge), dessen Entdeckung zeigen wiirde, dass Neutrinos ihre eigenen
Antiteilchen sind (Majorana-Teilchen). Die hiermit verbundenen Einsichten
konnten Aufschluss iiber die noch offene fundamentale Frage der Materie-
Antimaterie-Asymmetrie im Universum geben. LEGEND-1000 zielt darauf ab,
durch den Einsatz einer Masse von 1000 kg Germaniumdetektoren in
Verbindung mit extrem niedrigem Hintergrund und einer hohen
Energieauflosung eine beispiellose Sensitivitit zu erreichen.

Das Vorhaben wird von der LEGEND-Kollaboration getragen, die 2016 aus dem
Zusammenschluss zweier groRer Experimente zur Suche nach dem
neutrinolosen doppelten Beta-Zerfall von 7°Ge hervorgegangen ist: des
amerikanischen MAJORANA DEMONSTRATOR, der von 2011 bis 2021 an der
Sanford Underground Research Facility (SURF) betrieben wurde, sowie des
europdischen GERDA-Experiments, das von 2010 bis 2020 am LNGS eingerichtet
war. Auf der technologischen Grundlage dieser beiden Vorgingerexperimente
baut LEGEND-200 auf, ein Experiment, das die erste Phase von LEGEND-1000
markiert und seit 2022 am LNGS betrieben wird.

Die Gesamtkosten fiir LEGEND-1000 belaufen sich gemif den eingereichten Un-
terlagen mit Preisstand von Februar 2026 auf insgesamt 505,48 Mio. Euro und
sollen von den an der Kollaboration beteiligten Partnern aus den USA, Deutsch-
land, Italien, der Schweiz, GroRbritannien und Polen getragen werden.

Die Kosten fiir den Aufbau von LEGEND-1000 sind mit 329,87 Mio. Euro veran-
schlagt, wobei 69,49 Mio. Euro auf den deutschen Anteil entfallen (wovon
32,57 Mio. Euro von den Trager- und Partnereinrichtungen getragen werden).
Hieraus ergibt sich im Rahmen des Priorisierungsverfahrens ein Finanzierungs-
bedarf von 36,92 Mio. Euro. Die Aufbauphase soll 2026 beginnen und mit dem
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Einsatz der letzten Germaniumdetektoren abgeschlossen sein. Ein flie3ender
Ubergang in die Betriebsphase ist fiir 2033 geplant.

Die Kosten fiir den Betrieb von LEGEND-1000 sind mit 174,17 Mio. Euro veran-
schlagt, von denen 38,11 Mio. Euro auf den deutschen Anteil entfallen. Die ge-
plante Dauer der Betriebsphase betragt 15 Jahre.

Die Kosten fiir den Riickbau von LEGEND-1000 sind mit 1,44 Mio. Euro veran-
schlagt, wobei 700 Tsd. Euro auf den deutschen Anteil entfallen. Der Riickbau
ist fiir das Jahr 2048 vorgesehen, wobei durch den Verkauf der verwendeten Ger-
maniumdetektoren sowie durch das Recycling von anderen Komponenten mit
einem Erlos in Hohe von 33,16 Mio. Euro gerechnet wird, wovon 8,33 Mio. Euro
auf den deutschen Anteil entfallen.



B. Stellungnahme
und Empfehlungen

Der Wissenschaftsrat schlie3t sich den Bewertungen und Empfehlungen der
eingesetzten Arbeitsgruppe grundsdtzlich an. Er wiirdigt die hohe Qualitit der
vorgelegten Planungen und Vorarbeiten der beteiligten Einrichtungen sowie die
strategische Bedeutung des Vorhabens. Zugleich folgt er der Einschdtzung hin-
sichtlich der identifizierten Risiken und offenen Punkte und weist auf die daraus
entstehenden Handlungs- und Steuerungsaufgaben hin.

Unter der Annahme einer planmiRigen Umsetzung des Large Enriched Germa-
nium Experiment for Neutrinoless Double Beta Decay (LEGEND-1000) nimmt der
Wissenschaftsrat wie folgt Stellung:

Zur Bedeutung des Vorhabens

Der Wissenschaftsrat wiirdigt LEGEND-1000 als groRes internationales Vorha-
ben, dessen vorrangiges Ziel in der Suche nach dem neutrinolosen doppelten
Beta-Zerfall (Ovf) von Germanium-76 (*Ge) besteht. Die Entdeckung dieses Zer-
falls wire von aulerordentlicher Bedeutung fiir mehrere Forschungsfelder der
Physik, denn sie wiirde zeigen, dass Neutrinos ihre eigenen Antiteilchen sind
(Majorana-Teilchen), und kénnte Aufschluss tiber die noch offene grundlegende
Frage der Asymmetrie zwischen Materie und Antimaterie im Universum geben.

LEGEND-1000 gilt als Benchmark-Projekt, dessen Alleinstellungsmerkmal in ei-
nem bisher unerreichten Sensitivititsniveau besteht, das mit einer Detektor-
masse von 1000 kg Germaniumdetektoren aus angereichertem "°Ge, kombiniert
mit einem extrem niedrigen Hintergrundniveau und einer hohen Energieauflo-
sung, erreicht werden soll. Die Suche nach dem neutrinolosen doppelten Beta-
Zerfall stellt ein zentrales Ziel in der Kernphysik, der (Astro-)Teilchenphysik und
der Kosmologie dar, was durch eine entsprechende Priorisierung in internatio-
nalen Strategien und Roadmaps untermauert wird. Unter den aktuell laufenden
oder in Planung befindlichen Experimenten in Europa, Nordamerika und Asien,
die auf der Suche nach dem neutrinolosen doppelten Beta-Zerfall mit unter-
schiedlichen Isotopen, Hintergrundreduktions- und Detektortechnologien ar-
beiten, wird LEGEND-1000 in der internationalen Community eine der grof3ten
Erfolgsaussichten zugesprochen. Das Vorhaben hebt sich insbesondere dadurch
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hervor, dass es auf den erprobten Konzepten des MAJORANA DEMONSTRATOR
sowie des GERDA-Experiments aufbauen kann und die daraus resultierenden Ex-
pertisen vereint.

Neben dem priméren Forschungsziel wiirdigt der Wissenschaftsrat ausdriick-
lich die sekundiren Forschungsziele des Experiments, die aufgrund des techni-
schen Designs von LEGEND-1000 verfolgt werden konnen. Hierzu zdhlen insbe-
sondere die Suche nach Dunkler Materie, die Untersuchung solarer und
Supernova-Neutrinos, anderer seltener Zerfallsprozesse sowie weiterer Phino-
mene jenseits des Standardmodells. Durch dieses Portfolio wird die wissen-
schaftliche Reichweite des Experiments substantiell erweitert, wobei sich aus
den gesammelten Daten ein breit gefichertes Themenspektrum ergibt, das nicht
zuletzt fiir Abschluss- und Promotionsarbeiten von grofem Interesse sein wird
und somit zur Férderung des wissenschaftlichen Nachwuchses beitrégt.

Aufgrund seines Designs hat LEGEND-1000 zudem das Potenzial, zu einer Viel-
zahl von Anwendungen in der Industrie beizutragen — etwa im Bereich der Um-
weltiiberwachung, der Strahlungsdetektion, der medizinischen Bildgebung oder
des Quantencomputing. Vor allem in der Entwicklung neuer Technologien und
Verfahren im Zusammenhang mit der geplanten Etablierung eines Recycling-
kreislaufs fiir Germanium sieht der Wissenschaftsrat einen Beitrag zur nachhal-
tigen Nutzung von Ressourcen und zum Schutz der Umwelt.

Dartiber hinaus tragt LEGEND-1000 durch die Zusammenarbeit im Rahmen der
internationalen Kollaboration dazu bei, globale Partnerschaften zu starken und
etablierte Beziehungen zu festigen und weiter auszubauen. Der Wissenschafts-
rat wiirdigt den substanziellen Beitrag der deutschen Partnereinrichtungen, der
fiir den Erfolg des Gesamtvorhabens von entscheidender Bedeutung ist und
Deutschlands Expertise in Schliisselbereichen des Experiments weiter ausbaut.

Die planméiRige Realisierung von LEGEND-1000 wird einen signifikanten Beitrag
zur Steigerung der internationalen Sichtbarkeit und Attraktivitdt Deutschlands
als Wissenschafts- und Innovationsstandort leisten und somit deutsche For-
schungsgruppen an der Spitze der entscheidenden technologischen und metho-
dischen Entwicklungen in den beteiligten Feldern positionieren.

Zum wissenschaftlichen Potenzial

Der Wissenschaftsrat wiirdigt das auf3erordentliche wissenschaftliche Potenzial
von LEGEND-1000. Die einzigartige Kombination aus hochauflésenden Detekto-
ren, die bei extrem niedrigem Hintergrund arbeiten, und einer bislang uner-
reichten Sensitivitit gegentiber verschiedenen Arten von Dunkler Materie sowie
Signalen aus der Physik jenseits des Standardmodells fiihrt zu einem einzigarti-
gen Entdeckungspotential des Experiments. Die MaRnahmen zur aktiven und
passiven Abschirmung erlauben es LEGEND-1000, in einem Bereich zu messen,
in dem bereits die Beobachtung einzelner Zerfille zur Entdeckung neuer Physik



fiihren kann. Mit dem Nachweis des neutrinolosen doppelten Beta-Zerfalls
wiirde das Experiment einen aulergewOhnlichen Erkenntnisgewinn in der
Kernphysik, der (Astro-)Teilchenphysik und der Kosmologie erzielen.

Ein besonderes Merkmal von LEGEND-1000 besteht in seiner Skalierbarkeit, die
eine gewisse Flexibilitdt ermoglicht und fiir die technische Umsetzung des Vor-
habens von entscheidender Bedeutung ist. Aus Sicht des Wissenschaftsrats ist
dieser Aspekt angesichts der bei internationalen Projekten tiblichen, mit Unsi-
cherheiten verbundenen Finanzierung von hohem Wert. Gerade bei den US-Part-
nern hat sich das Umfeld der Forschungsféorderung seit der Einreichung der
Kurzkonzeptdokumente im Rahmen der ersten Phase des Priorisierungsverfah-
rens verdndert. Dies ist fiir die Umsetzung von LEGEND-1000 insofern relevant,
als das Projekt auf erhebliche Beitrdge des US-Department of Energy (DOE) sowie
der National Science Foundation (NSF) angewiesen ist. Vor diesem Hintergrund
wurde fiir die evaluative Begleitung im Rahmen der zweiten Phase des Priorisie-
rungsverfahrens ein vollstindig tiberarbeitetes Finanzierungskonzept vorgelegt,
dass das Szenario einer verzogerten DOE-Finanzierung als Grundannahme fiir
die gesamte Projektplanung berticksichtigt.

Die angepasste Planung sieht vor, zunachst 600 kg angereichertes Germanium
zu beschaffen. Obgleich LEGEND-1000 schon mit einer Detektormasse von 60 %
der Zielmasse eine einzigartige Sensitivitdt erreichen wiirde, sollte diese redu-
zierte Version des Experiments aus Sicht des Wissenschaftsrats ausschlief3lich
als MaRnahme zur Risikominderung dienen und einen Zwischenschritt zur De-
tektorzielmasse von 1000 kg darstellen, auf die das Design des Experiments aus-
gelegt ist. Das wissenschaftliche Potenzial des Vorhabens kann erst mit Errei-
chen der gesamten Detektormasse voll ausgeschopft werden.

Mit den sekundiren Forschungszielen, die jenseits der Suche nach dem neutri-
nolosen doppelten Beta-Zerfall mit LEGEND-1000 verfolgt werden konnen, wird
die wissenschaftliche Reichweite des Experiments malfdgeblich erweitert. Hierzu
zdhlen insbesondere die Suche nach Dunkler Materie (wie schwach wechselwir-
kende massereiche Teilchen [WIMPs]|, axionartige Teilchen oder sterile Neutri-
nos), die Untersuchung solarer und Supernova-Neutrinos, anderer seltener Zer-
fallsprozesse sowie weiterer Phinomene jenseits des Standardmodells (wie
Majoron-Emission, Elektronenzerfall oder Lorentzinvarianz-Verletzungen). Die
von LEGEND-1000 gesammelten Daten sind folglich fiir Forschende verschiede-
ner Communitys von grof3em Interesse. LEGEND-1000 plant, Daten nach einer
zweijahrigen Embargophase zugdnglich zu machen. Das Vorhaben orientiert
sich bereits an den FAIR-Prinzipien, sollte im weiteren Aufbau allerdings defi-
nieren, in welchem Umfang diese gewdhrleistet werden kénnen und welche fall-
spezifischen Ausnahmen erforderlich sind — etwa hinsichtlich der Regelungen
fiir geistiges Eigentum bei Industriekooperationen. Um eine moglichst breite
Nutzung zu ermoglichen, riat der Wissenschaftsrat, den bestehenden Data Ma-
nagement Plan weiterzuentwickeln und dabei bereits in einem frithen Stadium

15



16

Prinzipien auszudifferenzieren und eine klare Strategie zum Schutz der Daten
und fir ihre Zuganglichkeit einzuschliefen. Das CERN-Modell kénnte mit sei-
nen abgestuften Zugriffsebenen als Referenzrahmen dafiir herangezogen wer-
den.

Der Wissenschaftsrat wiirdigt die wissenschaftlich-technischen Grundlagen des
Vorhabens, bestehend aus den Erfahrungen der Experimente GERDA,
MAJORANA DEMONSTRATOR und insbesondere LEGEND-200, das als Test- und
Validierungsplattform fiir Technologien von LEGEND-1000 dient. Wahrend
Schliisselkomponenten des Vorhabens bereits hohe Technology Readiness Levels
(TRLs) zugewiesen sind, weist der Wissenschaftsrat darauf hin, dass noch
weitere Forschungs- und Entwicklungsarbeiten (FuE) erforderlich sind — vor
allem mit Blick auf Komponenten, denen bislang noch niedrige TRLs zugewiesen
sind, wie das Front-End-Elektroniksystem.

Zum Potenzial fiir Innovation und Transfer

Aus Sicht des Wissenschaftsrats bietet LEGEND-1000 ein erhebliches Potenzial
fiir Innovation sowie Wissens- und Technologietransfer. Deutschland kommt in
der Entwicklung und Umsetzung des Experiments eine entscheidende Bedeu-
tung zu. Die deutsche Verantwortung fiir verschiedene Schliisselbereiche des
Vorhabens spiegelt die Starken der beteiligten Einrichtungen wider, wobei auch
deutsche Industriepartner wichtige Beitrdge liefern — etwa in der Konstruktion
des Kryostaten und der Reinrdume sowie der Lieferung und Verarbeitung von
Germanium.

Das Design der Germaniumdetektoren birgt Anwendungspotenzial in verschie-
denen Bereichen von der Umwelt- und Reaktoriiberwachung bis hin zu medizi-
nischen Anwendungen. Die fiir LEGEND-1000 zu entwickelnden strahlungsrei-
nen Materialien zur Reduzierung und Identifikation von
Hintergrundereignissen bieten Anwendungsmoglichkeiten im Bereich des
Quantencomputing, der medizinischen Bildgebung sowie der Strahlungsdetek-
tion. Weiteres Innovationspotenzial ist mit der geplanten Etablierung eines Re-
cyclingprozesses fiir abgereichertes Germanium verbunden. Der Wissenschafts-
rat empfiehlt, jenseits der bereits erwarteten Nachfrage seitens der Industrie
noch weitere potenzielle Anwendungsbereiche in Betracht zu ziehen und die
sich verdndernden Bediirfnisse und Anforderungen zu beobachten. In diesem
Zusammenhang sollte die Strategie fiir die Zusammenarbeit mit Industriepart-
nern weiterentwickelt werden, wobei auch rechtliche Aspekte — etwa hinsicht-
lich des geistigen Eigentums — relevant sind, um Technologietransfer und Spin-
off-Aktivititen gezielt zu férdern.

Aufgrund der Bedeutung von LEGEND-1000 fiir sicherheitsrelevante Bereiche
empfiehlt der Wissenschaftsrat zudem, Mechanismen zur kontinuierlichen
Weiterentwicklung der Konzepte fiir Wissens- und Cybersicherheit zu etablie-
ren, um den sich wandelnden Rahmenbedingungen und Anforderungen gerecht



zu werden. Angesichts der grofen Anzahl der an der Kollaboration beteiligten
Einrichtungen und Akteure stellt diese Aufgabe eine grofe Herausforderung
dar, die addquat adressiert werden sollte.

Hinsichtlich der technologischen Souveranitit, Resilienz und Handlungsfahig-
keit des Staates kann LEGEND-1000 aus Sicht des Wissenschaftsrats wichtige
Beitrdge leisten. In diesem Zusammenhang kommt insbesondere dem neu ent-
wickelten Ansatz zum Aufbau einer durchgingigen Germanium-Lieferkette
durch den Einsatz eines Recyclingverfahrens fiir abgereichertes Germanium
eine zentrale Bedeutung zu. Angesichts der Bedeutung des Materials in sicher-
heitsrelevanten Bereichen begriit der Wissenschaftsrat die Moglichkeit, Ab-
hingigkeiten von nicht-europaischen Lieferketten zu reduzieren und Ressour-
cen nachhaltig zu nutzen. Er empfiehlt, weitere, mit dem neuen Verfahren
verbundene Moglichkeiten zu priifen, die iiber den Rahmen des eigentlichen
Vorhabens hinausgehen.

Der Wissenschaftsrat wiirdigt den strukturierten Ansatz von LEGEND-1000 hin-
sichtlich geplanter MaRnahmen im Bereich von Offentlichkeits- und Bildungs-
arbeit, der zu gesellschaftlicher Innovation und Transformation beitragen kann.
Die vorgesehenen und in Teilen bereits erprobten Outreach-Formate umfassen
ein breites, zielgruppengerechtes Angebot von u.a. Schulbesuchen, Fiihrungen,
Workshops, Vortragen, Sommercamps und Kunstaustellungen. Der Wissen-
schaftsrat empfiehlt, dieses Angebot kontinuierlich weiterzuentwickeln, um
sich dndernde Bedarfe entsprechend berticksichtigen zu konnen. Jenseits dieser
Aktivititen bietet LEGEND-1000 Studierenden sowie Wissenschaftlerinnen und
Wissenschaftlern auf frithen Karrierestufen die Moglichkeit, wertvolle Einblicke
in die wissenschaftliche Zusammenarbeit eines grof3en internationalen Vorha-
bens zu gewinnen und sich hierin aktiv einzubringen. Das wissenschaftliche
Portfolio des Experiments bietet zudem zahlreiche Moglichkeiten fiir Abschluss-
und Promotionsarbeiten — vor allem im Bereich der sekundidren Forschungs-
ziele. Aus Sicht des Wissenschaftsrats leistet diese Art der Férderung der MINT-
Bildung und der wissenschaftlichen Kompetenz (scientific literacy) einen wert-
vollen gesellschaftlichen Beitrag.

Zu Organisation und Management

Der Wissenschaftsrat wiirdigt die klare Organisationstruktur von LEGEND-1000,
die funktional durchdacht ist und die internationale Aufstellung des Vorhabens,
das von verschiedenen Forderorganisationen getragen wird, widerspiegelt. Be-
sonders hervorzuheben ist hier die eindeutige Zuweisung von Rollen und Zu-
stindigkeiten der drei Hauptgremien — der LEGEND-Kollaboration, des Consoli-
dated Project Office (CPO) und des Resource Review Board (RRB) — sowie deren
Verhaltnis zum Gastlabor, LNGS.

In der Aufbauphase fungiert das CPO als zentrales Gremium, das fiir das Design,
die Konstruktion und die Inbetriebnahme von LEGEND-1000 verantwortlich ist.
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Der Wissenschaftsrat begriiRt, dass durch die ausdriickliche Ernennung von
zwel europdischen project directors (namentlich fiir Italien und Deutschland) ne-
ben den beiden US-amerikanischen project directors (als Vertreter der Forderlinien
des DOE und der NSF) innerhalb des Gremiums ein wichtiges Gleichgewicht her-
gestellt wurde, das die Beitrdage der Partner in der ersten Phase des Aufbaus an-
gemessen widerspiegelt. Aus Sicht des Wissenschaftsrats sollte auch die Position
des managing director in der Rolle der geschiftsfithrenden Leitung die Verteilung
der finanziellen Beitrdge reflektieren, wobei geeignete MaRnahmen zu priifen
sind.

In der Betriebsphase soll die Verantwortung fiir den wissenschaftlichen Tages-
betrieb von der LEGEND-Kollaboration tbernommen werden. Der Wissen-
schaftsrat weist auf die Notwendigkeit hin, den organisationalen Ubergang von
Aufbau- zu Betriebsphase (die sich zeitlich tiberlappen) in einer Weise vorzube-
reiten, die klare Verantwortlichkeiten sowie eine wirksame strategische Steue-
rung im Sinne der wissenschaftlichen Zielsetzung des Vorhabens sicherstellt.

Als externes Beratungsgremium unterstiitzt das Consolidated Project Advisory
Board (CPAB) die Arbeit des CPO in technischen und strategischen Fragen; hin-
sichtlich der Interaktionen zwischen LEGEND-1000 und dem Gastlabor beréit das
LNGS Scientific Committee die Direktion des LNGS. Angesichts der genannten
spezifischen Zustindigkeiten und der hiermit verbundenen Limitationen emp-
fiehlt der Wissenschaftsrat, zu priifen, inwieweit dartiber hinaus ein separates,
international besetztes wissenschaftliches Beratungsgremium zu etablieren ist,
das den Vorhabenverantwortlichen phasenunabhingig mit externer Expertise
in wissenschaftlichen Fragen zur Seite steht.

Der Wissenschaftsrat begriiRt, dass schon jetzt geeignete Personen bereitstehen,
durch die eine qualifizierte Nachfolge auf Fihrungspositionen sichergestellt
werden kann. Er unterstiitzt die Vorhabenverantwortlichen darin, Wissen-
schaftlerinnen und Wissenschaftler auf frithen Karrierestufen in einer Weise
einzubinden, die eine reibungslose bzw. erfolgreiche Fortfithrung des Experi-
ments iber Generationsgrenzen hinweg gewdhrleisten kann. Ein solches Vorge-
hen ist entscheidend, um nicht zuletzt die Innovationsfihigkeit zu stiarken, wo-
bei ein besonderes Augenmerk drauf liegen sollte, die bereits vorhandenen
Bemiihungen zur Steigerung der Vielfalt innerhalb des Teams weiter zu verstar-
ken.

Aus Sicht des Wissenschaftsrats gibt die Arbeitsteilung von LEGEND-1000 die
jeweiligen Starken der einzelnen Partner angemessen wieder. Der Gesamterfolg
des Vorhabens wird davon abhdngen, die Projektstabilitat auch unter sich ver-
dndernden Rahmenbedingungen aufrechtzuerhalten. Die vor dem Hintergrund
des Szenarios einer verspiateten DOE-Finanzierung vorgenommene Anpassung
der Projektplanung, inklusive der Umverteilung von Aufgaben und Zustiandig-
keiten, hat gezeigt, wie kurzfristig und flexibel die Vorhabenverantwortlichen
im Sinne des Projekterfolgs reagieren konnen. Auf diese Fiahigkeit wird es auch



kiinftig ankommen, um angesichts moglicher dynamischer Entwicklungen den
eingeschlagenen Kurs erfolgreich fortsetzen zu kénnen.

Zu Kosten, Finanzierung und Risiken

Aufgrund der multinationalen Zusammensetzung des Projekts ist die Finanzie-
rungsstruktur von LEGEND-1000 komplex. Die Kosten fiir die Aufbauphase sol-
len von den Partnern aus den USA, Deutschland, Italien, der Schweiz, GroRbri-
tannien und Polen getragen werden. Mit 65 % der Aufbaukosten tibernehmen
die USA den mit Abstand groRten Anteil, gefolgt von Deutschland mit 21 %.
Wenngleich der Wissenschaftsrat die sich daraus ergebende Abhingigkeit von
den amerikanischen Partnern angesichts der dynamischen Entwicklungen in
der US-Forschungsforderung zur Kenntnis nimmt, erkennt er ausdriicklich die
engagierten Bemiithungen der Vorhabenverantwortlichen an, dieser Situation
mit geeigneten Malinahmen zur Risikominimierung zu begegnen. Er sieht sich
durch den vorausschauenden und lésungsorientierten Umgang der LEGEND-Kol-
laboration mit dieser Herausforderung in seiner Zuversicht bestdrkt, dass das
Vorhaben auch unter verdnderten Rahmenbedingungen erfolgreich fortgefiihrt
werden kann.

Die Uberarbeitung der Planungen, die das Szenario einer verzégerten DOE-Fi-
nanzierung als neue Grundannahme berticksichtigt, nimmt der Wissenschafts-
rat positiv zur Kenntnis. Die urspriinglich beim DOE verorteten Infrastruktur-
komponenten wurden durch Verschiebungen der Zustindigkeiten an die NSF
und die europdischen Partner iibertragen, ohne dass dadurch der Zeitplan be-
eintrachtigt wurde. So wurde neben der Zustindigkeit fiir die initiale Beschaf-
fung von angereichertem Germanium die Verantwortung fiir den Re-entrant
Tube sowie den Transport des unterirdisch gewonnenen Argons (UAr) den deut-
schen Partnern zugewiesen. Die groRten finanziellen und zeitlichen Risiken ste-
hen im Zusammenhang mit der Beschaffung von angereichertem Germanium
und UAr, auf die fast 90 % der gesamten Hardwarekosten entfallen. Hier er-
scheint die Strategie eines schrittweisen Einsatzes der Germaniumdetektoren,
die zur Risikominderung beitragen soll, sinnvoll und tragfahig. So ist vorgese-
hen, mit europdischen und NSF-Fordermitteln angereichertes Germanium zu be-
schaffen, das in seiner Menge ausreichend ist, um den Anreicherungsprozess fiir
etwa 600 kg Germaniumdetektoren zu initiieren. Die verbleibenden etwa 400 kg
Germaniumdetektoren, die als Beitrag des DOE geplant sind, sollen hiernach
schrittweise bereitgestellt und in das Experiment eingesetzt werden, bis das
volle Entdeckungspotenzial erreicht ist.

Diese Strategie ist aus Sicht des Wissenschaftsrats iiberzeugend, da sie die Aus-
wirkungen moglicher Verzogerungen auf das Gesamtprojekt minimiert und ei-
nen frithzeitigen Beginn der Erfassung physikalischer Daten ermdglicht. Insge-
samt bietet der Ansatz eines schrittweisen Einsatzes der Detektoren eine gewisse
Flexibilitit beim Aufbau des Experiments. Der Wissenschaftsrat erachtet die
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infolgedessen hohere Summe, die im Rahmen des Priorisierungsprozesses ange-
fragt wird, als angemessen.

LEGEND-1000 verfiigt bereits iiber eine starke institutionelle Unterstiitzung.
Diese sollte aus Sicht des Wissenschaftsrats durch die Gewinnung weiterer Part-
ner noch weiter ausgebaut werden. Die Finanzierungszusagen der internationa-
len Partner sind derzeit noch nicht vollstindig formalisiert. Der Wissenschafts-
rat empfiehlt, die Finanzierung so bald wie moglich zu konkretisieren und
durch den Abschluss von Memoranda of Understanding (MoUs) abzusichern.

In der Anpassungsfihigkeit der Budgetplanung und Finanzierung von
LEGEND-1000 sieht der Wissenschaftsrat einen wesentlichen Vorteil der
Projektkonstellation, da die Moglichkeit, Mittel ggf. zwischen den
Projektpartnern umzuschichten, bei unerwarteten Ereignissen
Handlungsspielraum schafft. Allerdings ist die Finanzplanung optimistisch
angesichts der wunsicheren Rahmenbedingungen. Der Wissenschaftsrat
empfiehlt, weitere Einzelheiten und Klarstellungen zu den Annahmen
bereitzustellen, insbesondere in Hinblick auf ein Hochfahren der
Anreicherungskapazititen und den Zeitplan fiir die Inbetriebnahme. Dariiber
hinaus empfiehlt der Wissenschaftsrat, die implizite Annahme, dass eine (mit
zusdtzlichen Kosten verbundene) Verlingerung des Betriebs kostenbedingte
Beschrankungen der Installation ausgleichen kann, detaillierter zu begriinden.
Der Wissenschaftsrat wiirdigt die Strategie, einen Recyclingkreislauf fiir
abgereichertes Germanium einzurichten, um dieses im Tausch gegen
natirliches Germanium wieder auf den Markt zu bringen. Hierdurch wird ein
wichtiger Beitrag zur Souverdnitit geleistet, indem die Abhingigkeit von
externen Faktoren verringert wird. Der Wissenschaftsrat begriit auflerdem den
Ausbau des Lieferantennetzwerks als geeignete Mafnahme zur Verbesserung
der Resilienz.

Zur Umsetzung und Meilensteinplanung

Der Wissenschaftsrat wiirdigt die fiir LEGEND-1000 vorgelegte Zeit- und Meilen-
steinplanung, die sich durch eine durchdachte Ausarbeitung auszeichnet. Be-
sonders hervorzuheben ist die grundsitzliche Uberarbeitung der urspriingli-
chen Planungen, die das Szenario einer verzogerten DOE-Finanzierung als neue
Grundannahme berticksichtigt. Die hiermit verbundenen Anpassungen erschei-
nen herausfordernd, angesichts der allgemeinen Reife der Planungen sowie der
hohen Umsetzungsexpertise der beteiligten Einrichtungen aber gut handhab-
bar.

Eine entscheidende Voraussetzung fir die erfolgreiche Umsetzung von
LEGEND-1000 besteht aus Sicht des Wissenschaftsrats in der Expertise der betei-
ligten Einrichtungen in der Realisierung und Koordination von komplexen
Grof3projekten. Im Rahmen der beiden vorangegangenen Experimente GERDA
und MAJORANA DEMONSTRATOR konnten die jeweils beteiligten



Einrichtungen diese Expertise bereits demonstrieren und nach ihrem Zusam-
menschluss zur LEGEND-Kollaboration im Jahr 2016 mit LEGEND-200 auch ihre
Fahigkeiten zur Zusammenarbeit iiber die urspriinglichen Kollaborationsgren-
zen hinweg unter Beweis stellen. Vor diesem Hintergrund sieht der Wissen-
schaftsrat den Wert von LEGEND-200 nicht nur in einer Plattform zur Testung
und Validierung von zentralen Komponenten und Technologien, sondern viel-
mehr darin, entscheidende Grundlagen fiir die zielorientierte Zusammenarbeit
zu legen, auf die fiir die erfolgreiche Umsetzung von LEGEND-1000 aufgebaut
werden kann. Die hohe technische Reife des Vorhabens geht mit einer hohen
Planungsreife einher.

Der Wissenschaftsrat wiirdigt, dass in der Vorbereitung des Vorhabens bereits
wichtige Schritte gemacht wurden. Mit der Einreichung des Pre-Conceptual De-
sign Reports (Pre-CDR) 2021, des Conceptual Design Report (CDR) 2023 sowie des
ersten Teils des Technical Design Reports (TDR) 2025 wurden wichtige Voraus-
setzungen planmaRig erfiillt. Der Wissenschaftsrat weist darauf hin, dass einige
der geplanten Meilensteine, insbesondere solche, die Forderentscheidungen be-
treffen, nicht im direkten Einflussbereich der beteiligten Einrichtungen liegen.
In Anbetracht dessen wird empfohlen, die etablierte Flexibilitdt in der Projekt-
planung beizubehalten und sich im Rahmen einer frithzeitigen, kontinuierli-
chen und strategisch abgestimmten Kommunikation mit den relevanten Stake-
holdern zu verstandigen. Dies gilt ausdriicklich auch fiir Zulieferer und Firmen,
denen die Verantwortung fir zentrale Elemente und Komponenten zukommt.
Auch hier spricht sich der Wissenschaftsrat dafiir aus, moglichst frithzeitig bin-
dende Vertrage und Vereinbarungen zu schliefen, um den vorgesehenen Zeit-
plan einhalten zu kénnen, wobei insbesondere die ersten fiinf Jahre der Aufbau-
phase von entscheidender Bedeutung sind.

Der Beginn des Aufbaus von LEGEND-1000 ist fiir 2026 vorgesehen. Eine hierfiir
notwendige Voraussetzung besteht im Abschluss des Riickbaus des Borexino-Ex-
periments, dessen bauliche Strukturen in Teilen wiederverwendet werden sollen
— wie etwa das so genannte Big Building West, Teile der Reinrauminfrastruktur
und moglicherweise weitere Komponenten wie die Wasseraufbereitungsanlage.
Der Beginn des Betriebs ist durch den geplanten Einsatz der ersten Germanium-
detektoren im Jahr 2033 markiert (inklusive der bis dahin von LEGEND-200 ver-
wendeten Detektoren), wobei bis 2039 drei weitere Einsdtze vorgesehen sind —
in Abhdngigkeit von den kiinftig verfiigbaren DOE-Mitteln. Der gewidhlte Ansatz
eines schrittweisen Einsatzes der Detektoren wird durch die Skalierbarkeit des
Experiments ermdglicht und fiihrt zu einer zeitlichen Uberlappung der Aufbau-
und Betriebsphase. Angesichts des Szenarios einer verzogerten DOE-Forderung
unterstiitzt der Wissenschaftsrat diesen Ansatz, der eine frithzeitige Sammlung
von Daten erlaubt und gut geeignet erscheint, um die Auswirkungen auf das
Gesamtvorhaben zu minimieren und die notwendige Flexibilitdt sicherzustel-
len. Der Riickbau von LEGEND-1000 ist fiir 2048 vorgesehen.
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Mit Blick auf den Zeitplan empfiehlt der Wissenschaftsrat, ein Verfahren zu ent-
wickeln, das es erlaubt, den Fluktuations- bzw. Schwankungsbereich von Akti-
vitdten in der Nidhe des kritischen Pfads zu tiberwachen, um sicherzustellen,
dass einzelne Aktivititen wihrend der Aufbauphase nicht unerwartet , kritisch*
werden. Ein umfassender Uberblick, der alle relevanten Abhingigkeiten und die
Abstidnde zum kritischen Pfad hervorhebt, wire hilfreich, um flexibel reagieren
zu koénnen, etwa in Form einer Neuzuweisung der jeweiligen Aktivititen.

Wissenschaftspolitisches Votum

Der Wissenschaftsrat wiirdigt LEGEND-1000 insgesamt als wissenschaftlich
hoch relevantes und strategisch bedeutsames Vorhaben, das den Wissenschafts-
und Innovationsstandort Deutschlands nachhaltig stirken kann. Das Experi-
ment bietet vielversprechende Moglichkeiten fiir exzellente Forschung und er-
Offnet dabei insbesondere Studierenden sowie Nachwuchswissenschaftlerinnen
und -wissenschaftlern wichtige Perspektiven der Beteiligung. Als internationales
Vorhaben mit signifikanter deutscher Beteiligung ist die Realisierung von
LEGEND-1000 mit grofRen finanziellen, organisatorischen und technischen Her-
ausforderungen verbunden. Dies unterstreicht die Notwendigkeit einer sorgfal-
tigen Planung, eines wirksamen Risikomanagements sowie eines gewissen Ma-
Res an Flexibilitit, um schnell und effektiv reagieren zu konnen, sobald die
Umstédnde es erfordern.

Der Wissenschaftsrat befiirwortet die Umsetzung von LEGEND-1000 unter Be-
ricksichtigung der in dieser Stellungnahme genannten Hinweise und Empfeh-
lungen. Dem BMFTR empfiehlt er, sich mit den beteiligten Akteuren iiber Mog-
lichkeiten der gemeinsamen Umsetzung des Vorhabens zu verstiandigen.

Das BMFTR hat den Wissenschaftsrat gebeten, bei Notwendigkeit eine aktuali-
sierte wissenschaftspolitische Einschdtzung von LEGEND-1000 abzugeben. Der
Wissenschaftsrat empfiehlt eine erneute Befassung mit dem Vorhaben im Falle
wesentlicher Abweichungen beim wissenschaftlichen Potential, dem Zeitplan
oder der Kostenentwicklung.



WR WISSENSCHAFTSRAT

Statement on the

Large Enriched
Germanium Experiment
for Neutrinoless Double
Beta Decay (LEGEND-1000)
— German contribution

by Max Planck Institute
for Nuclear Physics (MPIK)
and Technical University
of Munich (TUM)



IMPRINT

Statement on the Large Enriched Germanium Experiment for Neutrinoless Double Beta Decay
(LEGEND-1000) - German contribution by Max Planck Institute for Nuclear Physics (MPIK)
and Technical University of Munich (TUM)

Publisher

German Science and Humanities Council
ScheidtweilerstraBe 4

50933 Cologne
www.wissenschaftsrat.de
post@wissenschaftsrat.de

Publication number: 3346-26_en

Licence note: This publication is published under the Creative Commons Attribution —
ShareAlike 4.0 International (CC BY-SA 4.0) licence. The full licence text can be found
at https://creativecommons.org/licenses/by-sa/4.0/legalcode.de.

Al note: In the preparation of this text Al models were used. The German Science
and Humanities Council retains ultimate responsibility.

Published
Cologne, July 2026


http://www.wissenschaftsrat.de/
https://doi.org/10.57674/4x5z-n204

CONTENT

Preliminary Remarks

A. Key Parameters
B. Statement and Recommendations

Annexe: Evaluation Report on the Large Enriched Germanium Experiment
for Neutrinoless Double Beta Decay (LEGEND-1000)

27

29
31

41






Preliminary Remarks

In 2024, the German Science and Humanities Council (Wissenschaftsrat — WR)
was asked by the then Federal Ministry of Education and Research (BMBF), now
the Federal Ministry of Research, Technology and Space (BMFTR), to carry out a
science-driven assessment process for large research infrastructure projects, as
part of a national prioritisation process. The WR has set up a mandated
committee consisting of WR members and additional experts to conduct this
process independently.

In June 2025, the committee recommended to the BMFTR to include the German
contribution to the international project ‘Large Enriched Germanium
Experiment for Neutrinoless Double Beta Decay’ (LEGEND-1000) at the
Laboratori Nazionali del Gran Sasso (LNGS), submitted by Max Planck Institute
for Nuclear Physics (MPIK) and Technical University of Munich (TUM), on a
shortlist of research infrastructures to be prioritised from a research policy
perspective. | ' After bringing together the results of the science-driven
assessment with the parallel costs and risks assessment as well as the assessment
of the potential for innovation and transfer, the BMFTR followed this
recommendation and published a shortlist of nine projects in July 2025,
including LEGEND-1000. At the same time, the Ministry asked the WR to
evaluate the projects on the shortlist to ensure that they are established in the
best possible way and that the recommendations from the assessment strands
of the prioritisation phase are followed up.

The committee set up a working group to evaluate LEGEND-1000 consisting of
panel members from the three assessment strands of the prioritisation process,
other experts, and one guest each from the federal and state governments.
Therefore, experts who are not members of the WR also participated in this
working group. The WR would like to thank them in particular for their
commitment.

| 1 For an overview of the science-driven assessment and all submitted proposals see: German Science and
Humanities Council / Wissenschaftsrat (2025): Report on the science-driven assessment of large research
infrastructure projects for the national prioritisation process; Cologne. DOI:
https://doi.org/10.57674 /he9d-sv18

All web links in this publication were last accessed on 14 July 2026.
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The working group visited the LNGS on 13 and 14 April 2026 in Assergi, Italy,
and wrote an evaluation report based on this evaluation. Once approved by the
working group, the evaluation report cannot be changed in the further stages of
the process.

On the basis of this evaluation report, the committee adopted the science policy
statement on 13 July 2026. This document is a translation of the statement. The
German original text prevails.



A. Key Parameters

The Large Enriched Germanium Experiment for Neutrinoless Double Beta Decay
(LEGEND-1000) is a planned research infrastructure to be established by an
international consortium at the Laboratori Nazionali del Gran Sasso (LNGS) in
Italy. The experiment is designed to investigate the fundamental properties of
neutrinos and to answer key questions in particle physics and cosmology. The
primary objective is to search for neutrinoless double beta decay (0OvBf) of
germanium-76 (*Ge), whose discovery would demonstrate that neutrinos are
their own antiparticles (Majorana particles). The insights gained from this could
shed light on the still-unresolved fundamental question of matter-antimatter
asymmetry in the universe. LEGEND-1000 aims to achieve unprecedented
sensitivity through the use of 1,000 kg of germanium detectors, combined with
ultra-low background levels and high energy resolution.

The project is run by the LEGEND collaboration, which was formed in 2016
through the merger of two major experiments searching for neutrinoless double
beta decay of *Ge: The American MAJORANA DEMONSTRATOR, which was
operated at the Sanford Underground Research Facility (SURF) from 2011 to
2021, and the European GERDA experiment, which was based at the LNGS from
2010 to 2020. Building on the technological foundations of these two
predecessor experiments is LEGEND-200, an experiment that marks the first
phase of LEGEND-1000 and has been in operation at the LNGS since 2022.

According to the submitted documents, based on prices as of February 2026, the
total costs of LEGEND-1000 amount to 505.48 million euros and are to be borne
by the partners involved in the collaboration from the USA, Germany, Italy,
Switzerland, the United Kingdom, and Poland.

The costs for the installation of LEGEND-1000 are estimated at 329.87 million
euros, with 69.49 million euros allocated to the German share (of which
32.57 million euros will be borne by the responsible and partner institutions).
This results in a funding requirement of 36.92 million euros as part of the
prioritisation process. The installation phase is scheduled to begin in 2026 and
will be completed with the deployment of the final germanium detectors. A
seamless transition to the operation phase is planned for 2033.
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The costs for the operation of LEGEND-1000 are estimated at 174.17 million
euros, of which 38.11 million euros are allocated to the German share. The
planned duration of the operation phase is 15 years.

The costs of dismantling LEGEND-1000 are estimated at 1.44 million euros, of
which 700 thousand euros are allocated to the German share. Dismantling is
scheduled for 2048, with proceeds of 33.16 million euros expected from the sale
of the germanium detectors used and the recycling of other components, of
which 8.33 million euros are allocated to the German share.



B. Statement and
Recommendations

The German Science and Humanities Council (the Council) generally endorses
the evaluation and recommendations of the established working group. It
acknowledges the high quality of the submitted plans and preparatory work by
the participating institutions, as well as the strategic importance of the project.
At the same time, it concurs with the evaluation regarding the identified risks
and open issues and draws attention to the resulting tasks relating to action and
management.

Assuming the Large Enriched Germanium Experiment for Neutrinoless Double
Beta Decay (LEGEND-1000) is implemented as planned, the Council issues the
following statement:

On the significance of the project

The Council recognises LEGEND-1000 as a major international project whose
primary objective is the search for neutrinoless double beta decay (OvBf) of
germanium-76 (*Ge). The discovery of this decay would be of exceptional
significance for several fields of physics, as it would demonstrate that neutrinos
are their own antiparticles (Majorana particles) and could shed light on the still
unresolved fundamental question of the asymmetry between matter and
antimatter in the universe.

LEGEND-1000 is regarded as a benchmark project, whose distinctive feature lies
in an unprecedented level of sensitivity. It is to be achieved using 1,000 kg of
germanium detectors made from enriched "°Ge, combined with ultra-low
background levels and high energy resolution. The search for neutrinoless
double beta decay is a key objective in nuclear physics, (astro-)particle physics
and cosmology, a fact underpinned by its prioritisation in international
strategies and roadmaps. Among the experiments currently underway or
planned in Europe, North America and Asia — searching for neutrinoless double
beta decay using different isotopes, background reduction techniques and
detector technologies — LEGEND-1000 is regarded by the international
community as having one of the best chances of success. The project stands out
in particular because it can build on the proved concepts of the MAJORANA
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DEMONSTRATOR and the GERDA experiment, and brings together the resulting
expertise.

In addition to the primary research objective, the Council explicitly
acknowledges the secondary research objectives of the experiment, which can
be pursued due to the technical design of LEGEND-1000. These include, in
particular, the search for dark matter, the investigation of solar and supernova
neutrinos, other rare decay processes, and further phenomena beyond the
Standard Model. This portfolio substantially expands the scientific reach of the
experiment, with the data collected covering a wide range of topics that will be
of great interest, not least for theses and dissertations, thereby contributing to
the development of the next generation of scientists.

Due to its design, LEGEND-1000 also has the potential to contribute to a wide
range of industrial applications — for example, in the fields of environmental
monitoring, radiation detection, medical imaging or quantum computing. The
Council sees a contribution to the sustainable use of resources and the
protection of the environment, particularly in the development of new
technologies and processes related to the planned establishment of a recycling
flow for germanium.

Furthermore, through cooperation within the framework of international
collaboration, LEGEND-1000 helps to strengthen global partnerships and to
consolidate and further expand established relationships. The Council
recognises the substantial contribution made by the German partner
institutions, which is crucial to the success of the overall project, and which
further expands Germany’s expertise in key areas of the experiment.

The implementation of LEGEND-1000 as planned will make a significant
contribution to enhancing Germany’s international visibility and attractiveness
as a centre for science and innovation, thereby positioning German research
groups at the forefront of key technological and methodological developments
in the relevant fields.

On the scientific potential

The Council recognises the outstanding scientific potential of LEGEND-1000. The
unique combination of high-resolution detectors operating at extremely low
background levels and an unprecedented sensitivity to various types of dark
matter, as well as signals from physics beyond the Standard Model, gives the
experiment unparalleled discovery potential. The active and passive shielding
measures enable LEGEND-1000 to take measurements in a regime where the
observation of single decays alone can lead to the discovery of new physics. By
detecting neutrinoless double beta decay, the experiment would achieve an
extraordinary advance in our understanding in the fields of nuclear physics,
(astro-)particle physics and cosmology.



A key feature of LEGEND-1000 is its scalability, which allows for a certain degree
of flexibility and is of crucial importance for the technical implementation of
the project. From the Council’s perspective, this aspect is of great value given
the uncertainties typically associated with the funding of international projects.
Particularly with regard to the US partners, the research funding landscape has
changed since the submission of the draft proposal documents as part of the
first phase of the prioritisation process. This is relevant to the implementation
of LEGEND-1000 insofar as the project relies on substantial contributions from
the US Department of Energy (DOE) and the National Science Foundation (NSF).
Against this background, a completely revised financing concept was submitted
for the individual evaluation as part of the second phase of the prioritisation
process, which takes the scenario of delayed DOE funding as a baseline
assumption for the entire project planning.

The revised plan provides for the initial procurement of 600 kg of enriched
germanium. Even though LEGEND-1000 would already achieve unique
sensitivity with a detector mass of 60% of the target mass, the Council
recommends that this scaled-down version of the experiment should serve solely
as a risk-mitigation measure and represent an intermediate step towards the
target detector mass of 1,000 kg, for which the experiment is originally
designed. The scientific potential of the project can only be fully realised once
the total detector mass has been achieved.

The secondary research objectives that can be pursued with LEGEND-1000,
beyond the search for neutrinoless double beta decay, significantly expand the
scientific reach of the experiment. These include, in particular, the search for
dark matter (such as weakly interacting massive particles [WIMPs], axion-like
particles or sterile neutrinos), the investigation of solar and supernova
neutrinos, other rare decay processes, and further phenomena beyond the
Standard Model (such as Majoron emission, electron decay or Lorentz invariance
violation). The data collected by LEGEND-1000 are therefore of great interest to
researchers from various scientific communities. LEGEND-1000 plans to make
data available after a two-year embargo period. The project is already guided by
the FAIR principles; however, in the further development, it should be defined
to which the extent these can be guaranteed and which case-specific exceptions
are necessary — for example, regarding intellectual property regulations in
industrial collaborations. To enable the widest possible use, the Council advises
further developing the existing Data Management Plan, setting out the
principles at an early stage and incorporating a clear strategy for data protection
and accessibility. The CERN model, with its tiered access levels, could be used as
a reference framework for this.

The Council recognises the scientific and technical foundations of the project,
which draw on the experience gained from the GERDA experiment, the
MAJORANA DEMONSTRATOR and, in particular, LEGEND-200, the latter serving

33



34

as test and validation platform for LEGEND-1000 technologies. Whilst key
components of the project have already been assigned high Technology
Readiness Levels (TRLs), the Council points out that further research and
development (R&D) work is still required — particularly with regard to
components that have so far been assigned low TRLs, such as the front-end
electronics system.

On the potential for innovation and transfer

From the Council’s perspective, LEGEND-1000 offers considerable potential for
innovation as well as knowledge and technology transfer. Germany plays a
crucial role in the development and implementation of the experiment. The
German responsibility for various key areas of the project reflects the strengths
of the participating institutions, whilst German industry partners are also
making important contributions — for example, in the design of the cryostat and
cleanrooms, as well as the supply and processing of germanium.

The design of the germanium detectors offers potential for use in various fields,
ranging from environmental and reactor monitoring to medical applications.
The radiation-free materials to be developed for LEGEND-1000, which are
designed to reduce and identify background events, offer potential applications
in the fields of quantum computing, medical imaging and radiation detection.
Further potential for innovation lies in the planned establishment of a recycling
process for depleted germanium. The Council recommends considering further
potential areas of application beyond the demand already anticipated from
industry, and monitoring changing needs and requirements. In this context, the
strategy for collaboration with industry partners should be further developed,
with legal aspects — such as those relating to intellectual property — also being
relevant in order to specifically promote technology transfer and spin-off
activities.

Given the importance of LEGEND-1000 for security-related areas, the Council
also recommends establishing mechanisms for the continuous further
development of concepts for knowledge and cyber security, in order to meet
changing framework conditions and requirements. Given the large number of
institutions and stakeholders involved in the collaboration, this task represents
a major challenge that should be adequately addressed.

In the view of the Council, LEGEND-1000 can make significant contributions to
the state’s technological sovereignty, resilience and capacity to act. In this
context, the newly developed approach to establishing an end-to-end
germanium supply chain through the use of a recycling process for depleted
germanium is of particular importance. Given the relevance of this material in
security-related areas, the Council welcomes the opportunity to reduce
dependence on non-European supply chains and to use resources sustainably. It



is recommended to explore further possibilities associated with the new process
that go beyond the scope of the project itself.

The Council commends LEGEND-1000’s structured approach to planned
measures in the field of public engagement and education, which can contribute
to social innovation and transformation. The planned outreach formats — some
of which have already been proven — comprise a broad range of activities tailored
to specific target groups, including school visits, guided tours, workshops,
lectures, summer camps and art exhibitions. The Council recommends that this
programme be continuously developed in order to take changing needs into
account. Beyond these activities, LEGEND-1000 offers students and early-career
researchers the opportunity to gain valuable insights into scientific
collaboration within a large-scale international project and to play an active role
in it. The experiment’s scientific portfolio also offers numerous opportunities
for theses and dissertations — particularly in the area of the secondary research
objectives. In the Council’s view, this type of support for STEM education and
scientific literacy makes a valuable contribution to society.

On organisation and management

The Council commends the clear organisational structure of LEGEND-1000,
which is functionally well thought out and reflects the international character
of the project, which is supported by various funding organisations. Particular
mention should be made here of the clear allocation of roles and responsibilities
amongst the three main bodies — the LEGEND collaboration, the Consolidated
Project Office (CPO) and the Resource Review Board (RRB) — as well as their
relationship with the host laboratory, LNGS.

During the installation phase, the CPO acts as the central body responsible for
the design, construction and commissioning of LEGEND-1000. The Council
welcomes the fact that the explicit appointment of two European project
directors (namely for Italy and Germany), alongside the two US project directors
(representing the DOE and NSF funding programmes), has established an
important balance within the body, which appropriately reflects the partners’
contributions during the initial installation phase. In the Council’s view, the
position of the managing director, in the role of executive leadership, should
also reflect the distribution of financial contributions, with suitable measures
to be considered.

During the operation phase, responsibility for day-to-day scientific operation is
to be taken over by the LEGEND collaboration. The Council emphasises the need
to prepare for the organisational transition from the installation phase to the
operation phase (which overlap in time) in a way that ensures clear
responsibilities and effective strategic management in line with the project’s
scientific objectives.
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As an external advisory body, the Consolidated Project Advisory Board (CPAB)
supports the work of the CPO on technical and strategic matters; with regard to
interactions between LEGEND-1000 and the host laboratory, the LNGS Scientific
Committee advises the LNGS directorate. In view of the specific responsibilities
outlined above and the associated limitations, the Council recommends
examining the extent to which a separate, internationally composed scientific
advisory body should be established to provide the project leaders with external
expertise on scientific matters, regardless of the project phase.

The Council welcomes the fact that suitable candidates are already available to
ensure a qualified succession to leadership positions. The project leaders are
supported in involving scientists at early career stages in a way that can
guarantee the smooth and successful continuation of the experiment across
generations. Such an approach is crucial, not least to strengthen the capacity for
innovation, whilst particular attention should be paid to further strengthening
existing efforts to increase diversity within the team.

In the Council’s view, the division of labour within LEGEND-1000 appropriately
reflects the respective strengths of the individual partners. The overall success
of the project will depend on maintaining project stability even under changing
conditions. The revision of the project planning undertaken against the
backdrop of delayed DOE funding — including the reallocation of tasks and
responsibilities — has demonstrated how quickly and flexibly the project team
can react to ensure its success. This ability will continue to be crucial in the
future to successfully maintain the chosen course in the face of potential
dynamic developments.

On costs, financing and risks

Due to the multinational character of the project, the funding structure of
LEGEND-1000 is complex. The installation costs are to be borne by the partners
from the USA, Germany, Italy, Switzerland, the United Kingdom, and Poland.
The USA are covering 65% of the installation costs, by far the largest share,
followed by Germany with 21%. Whilst the Council notes the resulting
dependence on the US partners in light of the dynamic developments in US
research funding, the dedicated efforts of the project team to address this
situation with appropriate risk-mitigation measures are explicitly
acknowledged. The Council is encouraged by the LEGEND collaboration’s
forward-looking and solution-oriented approach to this challenge, and remains
confident that the project can be successfully continued even under changed
conditions.

The Council notes positively the revision of the plans, which takes into account
the scenario of delayed DOE funding as the new baseline assumption. The
infrastructure components originally allocated to the DOE have been transferred
to the NSF and the European partners following a reallocation of responsibilities



without this affecting the schedule. Thus, in addition to responsibility for the
initial procurement of enriched germanium, responsibility for the re-entrant
tube and the transport of underground-sourced argon (UAr) has been assigned
to the German partners. The largest financial and time-related risks are
associated with the procurement of enriched germanium and UAr, which
account for almost 90% of the total hardware costs. In this context, the strategy
of a staged deployment of the germanium detectors, which is intended to help
mitigate risks, appears sensible and viable. It is therefore planned to use
European and NSF funding to procure enriched germanium in sufficient
quantities to initiate the enrichment process for approximately 600 kg of
germanium detectors. The remaining approximately 400 kg of germanium
detectors, which are planned as the DOE’s contribution, are to be provided in
stages and deployed in the experiment until the full detection potential is
achieved.

In the Council’s view, this strategy is convincing as it minimises the impact of
any potential delays on the overall project and enables the collection of physical
data to begin at an early stage. Overall, the approach of deploying the detectors
in stages offers a certain degree of flexibility in the installation of the
experiment. The Council therefore considers the resulting higher sum requested
as part of the prioritisation process to be appropriate.

LEGEND-1000 already has strong institutional support. In the Council’s view,
this should be further expanded by attracting additional partners. The funding
commitments from the international partners have not yet been fully
formalised. The Council recommends finalising the funding as soon as possible
and securing it by concluding Memoranda of Understanding (MoUs).

The Council regards the flexibility of the budget planning and funding for
LEGEND-1000 as a key advantage of the project structure, as the ability to
reallocate resources between project partners where necessary provides
flexibility in the event of unforeseen circumstances. However, the financial
planning is optimistic given the uncertain framework conditions. The Council
recommends providing further details and clarifications regarding the
assumptions, particularly with regard to ramping up enrichment capacities and
the schedule for commissioning. Furthermore, the Council recommends
providing a more detailed justification for the implicit assumption that an
extension of operations (which entails additional costs) can offset cost-related
limitations on the installation. The Council commends the strategy of
establishing a recycling flow for depleted germanium in order to return it to the
market in exchange for natural germanium. This makes an important
contribution to sovereignty by reducing dependence on external factors. The
Council also welcomes the expansion of the supplier network as an appropriate
measure to improve resilience.
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On implementation and milestone planning

The Council commends the schedule and milestone plan submitted for
LEGEND-1000, which is characterised by its well-thought-out structure.
Particular mention should be made of the fundamental revision of the original
plans, which takes the scenario of delayed DOE funding as the new baseline
assumption. The associated adjustments appear challenging; however, given the
overall maturity of the plans and the high level of implementation expertise
among the participating institutions, they appear to be well within the scope of
what can be managed.

In the view of the Council, a crucial prerequisite for the successful
implementation of LEGEND-1000 is the expertise of the participating
institutions in the realisation and coordination of complex large-scale projects.
During the two previous experiments, GERDA and the MAJORANA
DEMONSTRATOR, the participating institutions were already able to
demonstrate this expertise; following their merger into the LEGEND
collaboration in 2016, they also proved their ability to collaborate beyond the
original collaboration boundaries through LEGEND-200. Against this
background, the Council sees the value of LEGEND-200 not merely as a platform
for testing and validating key components and technologies, but rather in laying
the crucial foundations for goal-oriented collaboration upon which the
successful installation of LEGEND-1000 can be carried out. The project’s high
level of technical maturity goes hand in hand with a high level of planning
maturity.

The Council acknowledges that significant progress has already been made in
the preparation of the project. With the submission of the Pre-Conceptual
Design Report (Pre-CDR) in 2021, the Conceptual Design Report (CDR) in 2023
and the first part of the Technical Design Report (TDR) in 2025, key requirements
have been met on schedule. The Council points out that some of the planned
milestones, particularly those relating to funding decisions, lie outside the direct
sphere of influence of the participating institutions. In view of this, it is
recommended that the established flexibility in project planning be maintained
and that agreement be reached through early, continuous and strategically
coordinated communication with the relevant stakeholders. This also applies
explicitly to suppliers and companies responsible for key elements and
components. Here too, the Council advocates concluding binding contracts and
agreements as early as possible in order to adhere to the planned schedule, with
the first five years of the installation phase being of particular importance.

The installation of LEGEND-1000 is scheduled to begin in 2026. A necessary
prerequisite for this is the completion of the dismantling of the Borexino
experiment, parts of whose structural elements are to be reused — such as the
so-called ‘Big Building West’, parts of the cleanroom infrastructure and possibly
other components such as the water re-circulation plant. The start of operation



will be marked by the planned deployment of the first germanium detectors in
2033 (including the detectors used by LEGEND-200 up to that point), with three
further deployments planned by 2039 — subject to the availability of future DOE
funding. The chosen approach of a staged deployment of the detectors is made
possible by the scalability of the experiment and results in an overlap between
the installation and operation phases. In view of the scenario of delayed DOE
funding, the Council supports this approach, which allows for the early
collection of data and appears well-suited to minimising the impact on the
overall project and ensuring the necessary flexibility. The dismantling of
LEGEND-1000 is scheduled for 2048.

With regard to the schedule, the Council recommends developing a process that
allows the fluctuation or variation range of activities close to the critical path to
be monitored, in order to ensure that individual activities do not unexpectedly
become ‘critical’ during the installation phase. A comprehensive overview
highlighting all relevant dependencies and the distances to the critical path
would be helpful in enabling a flexible response, for example by reallocating the
relevant activities.

Science policy vote

The Council recognises LEGEND-1000 as a project of high scientific relevance
and strategic importance that has the potential to strengthen Germany’s
position as a centre of science and innovation in the long term. The experiment
offers promising opportunities for excellent research and, in particular, opens
up important opportunities for participation for students and early-career
researchers. As an international project with significant German involvement,
the implementation of LEGEND-1000 entails major financial, organisational and
technical challenges. This underlines the need for careful planning, effective
risk management and a certain degree of flexibility in order to be able to react
quickly and effectively whenever circumstances require it.

The Council supports the implementation of LEGEND-1000, taking into account
the remarks and recommendations presented in this statement. It recommends
that the BMFTR consult with the stakeholders involved on possibilities for the
joint implementation of the project.

The BMFTR has asked the Council to provide an updated science policy
assessment of LEGEND-1000 should the need arise. The Council recommends
revisiting the project in the event of significant deviations in scientific potential,
schedule or cost development.
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Preliminary Remarks

In 2024, the German Science and Humanities Council (Wissenschaftsrat — WR)
was asked by the then Federal Ministry of Education and Research (BMBF), now
the Federal Ministry of Research, Technology and Space (BMFTR), to carry out a
science-driven assessment process for large research infrastructure (RI) projects,
as part of a national prioritisation process. The aim of the national prioritisation
process was to

_select the RIs that are a priority for expanding and maintaining Germany’s
leading position in research and innovation in international competition and
the performance of the German science system as part of the European
Research Area;

_assess the resilience of the plans submitted and the expected funding
requirements in order to reduce risks during implementation;

_and to highlight the potential contributions of the planned RIs to innovation
and transfer beyond scientific knowledge gain, thus enabling these to be
included in the further decision-making process.

In addition to the science-driven assessment, the prioritisation process included
a costs and risks assessment as well as an assessment of the potential for
innovation and transfer.

A mandated committee, set up by the WR and consisting of WR members and
additional experts, carried out the science-driven assessment. In June 2025, the
committee recommended to the BMFTR to include the Large Enriched
Germanium Experiment for Neutrinoless Double Beta Decay (LEGEND-1000) on
a shortlist of RIs to be prioritised from a research policy perspective. |' The
German contribution to this international project, located at the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy, was proposed in the national
prioritisation process by the Max Planck Institute for Nuclear Physics (MPIK) and
the Technical University of Munich (TUM). After bringing together the results of

| 1 For an overview of the science-driven assessment and all submitted proposals see: German Science and
Humanities Council / Wissenschaftsrat (2025): Report on the science-driven assessment of large research
infrastructure projects for the national prioritisation process; Cologne. DOI:
https://doi.org/10.57674 /he9d-sv18

All web links in this publication were last accessed on 14 July 2026.


https://www.wissenschaftsrat.de/download/2025/2836-25_en
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the three assessment strands, the BMFIR followed the committee’s
recommendation and published a shortlist of nine projects in July 2025,
including LEGEND-1000. At the same time, the Ministry asked the WR to
individually evaluate the concept for LEGEND-1000 to ensure that it will be
established in the best possible way and that the recommendations from the
three assessment strands of the prioritisation phase are followed up.

For this purpose, the committee set up a working group consisting of panel
members from the three assessment strands of the prioritisation process, other
experts, and one guest each from the federal and state governments. The
working group visited the LNGS on 13 and 14 April 2026.

This evaluation report consists of two parts: The Initial Report (A) summarises
the draft proposal documents submitted for the prioritisation process in October
2024 (A.I), presents the results of the three assessment strands from June 2025
(A.II), and informs about the reactions to the assessment results the MPIK and
the TUM submitted in February 2026 (A.III). The Initial Report has been reviewed
with LEGEND-1000 to ensure that the facts are presented accurately. The Report
of the Individual Evaluation 2026 (B) reflects the working group’s assessment of
LEGEND-1000. Once approved by the working group, the evaluation report
cannot be changed in the further stages of the process.



Key Information
on LEGEND-1000

Responsible institutions: Max Planck Institute for Nuclear Physics (MPIK)
and Technical University of Munich (TUM)

Total installation costs as of February 2026: 329.87 million euros (without
indexing and risks)

German share of installation costs as of February 2026: 69.49 million euros
(without indexing and risks)

Installation phase: 2026 to 2039 (14 years); parallel continued installation
and operation from 2033

Operation phase: 2033 to 2047 (15 years)

Dismantling phase: 2048 (1 year)
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A. Initial Report

A.l DRAFT PROPOSAL FOR LEGEND-1000 IN THE PRIORITISATION PROCESS
2024

According to the submitted draft proposal, the Large Enriched Germanium
Experiment for Neutrinoless Double Beta Decay (LEGEND-1000) aims to deepen
the understanding of neutrinos and the universe. The broad physics programme
covers key questions in particle physics, astrophysics and cosmology. The
primary goal of the RI is the detection of neutrinoless double beta decay (0vf33
decay) of germanium-76 (°Ge), using high-purity germanium detectors (HPGe
detectors) enriched in this isotope. Detecting this process would shed light on
the fundamental properties of neutrinos, including their mass, and would show
that neutrinos are their own antiparticles (so-called Majorana particles),
illuminating the still-open problem of the matter-antimatter asymmetry in the
universe. Since neutrinoless double beta decay is extremely rare, with a known
half-life exceeding 10% years, 1000 kg of germanium detectors enriched with
*Ge are to be deployed in the experiment, reaching an unprecedented discovery
sensitivity.

LEGEND-1000 is supported by an international collaboration with over 57
institutions from Europe and North America. The Rl is built upon the foundation
of the previous experiments GERDA, MAJORANA, and LEGEND-200, and will be
located at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy. The project is
supported by a number of international funding agencies, including the USA
Department of Energy’s Nuclear Physics program (DOE NP), the National Science
Foundation (NSF), the Italian Istituto Nazionale di Fisica Nucleare (INFN), the
Swiss National Science Foundation (SNF), the Polish Ministry of Science and
Higher Education, the Polish National Science Center (NSC) and the British
Science and Technology Facilities Council (STFC). The leading responsible
institutions for the German share of the USA-led project are the Max Planck
Institute for Nuclear Physics (MPIK) and the Technical University of Munich
(TUM).



.1 Objectives for Research and Innovation

I.1.a Research Objectives

LEGEND-1000 aims to tackle key questions in modern physics, such as the origin
of matter or what the universe is made of, with unprecedented sensitivity. The
planned physics programme covers a broad spectrum, addressing key questions
in particle and astroparticle physics as well as cosmology. It includes the study
of the fundamental properties of neutrinos, the investigation of solar and
supernova neutrinos, as well as the search for dark matter and physics beyond
the Standard Model.

The primary purpose of LEGEND-1000 is the search for neutrinoless double beta
decay of "°Ge. Its detection would be the first experimental evidence of an
imbalance between matter and antimatter and imply that neutrinos are their
own antiparticles, so-called Majorana particles. This would also prove that lepton
number, a fundamental particle physics property, is not conserved in nature. It
is argued that searching for the simultaneous beta decay of two neutrons in a
nucleus without the emission of neutrinos is the best experimental probe to test
the Majorana nature of neutrinos. Through the measurement of the half-life of
neutrinoless double beta decay, LEGEND-1000 also intends to probe the neutrino
mass with unprecedented sensitivity. Its value is still unknown but of crucial
relevance in particle physics as the small but nonzero neutrino mass suggests
that an as-yet unknown mechanism beyond the Standard Model is generating it.

The large detector mass and the RIs ultra-low background level allow for other
rare event searches, in particular for dark matter. Its nature is still unknown
and most theories predict that it is made of particles that are yet undiscovered.
To this end, LEGEND-1000 follows two search channels: the interaction of
galactic dark matter particles with the germanium nuclei, or the production of
an as-of-yet undiscovered particle in the beta decay via a small spectral
distortion. In addition to that, the RI also allows to explore other phenomena
beyond the Standard Model and offers the potential to enable significant
contributions to astrophysics and cosmology.

Technological advancements relating to the design and construction of the RI
are expected in key areas such as the development of HPGe detectors, novel
Application-Specific Integrated Circuit (ASIC)-based readout electronics,
liquified noble gas detectors, ultra-pure plastics, and large-scale cryostats.

The LEGEND-1000 project is embedded in national and international strategies
and roadmaps such as the European Astroparticle Physics Strategy 2022—-2026
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by the Astroparticle Physics European Consortium (APPEC) |2 and the 2018
Statement by the German Committee for Astroparticle Physics (KAT) as input to
the European Strategy for Particle Physics. |3 Moreover, the 2023 Long Range
Plan for Nuclear Science by the Nuclear Science Advisory Committee (NSAC),
which provides advice to the DOE and NSF, gives high priority to neutrinoless
double beta decay experiments in general. |4

[.1.b  Innovation Objectives

LEGEND-1000 requires advanced developments in various technology fields that
the project team identifies as having potential for a range of applications in
industry. These include, for example, HPGe detectors, crystal pulling, isotope
separation, cryogenic electronics, low background/radiopure materials,
screening, light detectors, digitizers as well as innovation objectives in data
analysis and artificial intelligence (AI).

As germanium detectors are widely used in industry for precise radiation
detection, the advancements made by LEGEND-1000 in developing high-mass
detectors with high energy resolution are expected to be advantageous for
industrial applications, particularly in environmental monitoring, nuclear
safety, and medical imaging. As fewer detectors are needed to cover large areas,
and system setups have been simplified, their use is more efficient. While 3 kg
detectors are sufficient for LEGEND-1000, new innovations are explored that
could enable detectors with masses ranging from 10 to 15 kg, further improving
the total active detector mass of the experiment. A patent has been filed by a
LEGEND-1000 collaborator for this new detector concept. Beyond that, there are
other areas in which the project team anticipates innovations and industrial
applications of LEGEND-1000 technology:

_ Due to the high requirements for the purity of the germanium crystals the
project can contribute to the development and refinement of crystal growth
techniques, with potential for sensitive applications like radiation detection.

_ Within the LEGEND collaboration, several groups are working on the
development of ASICs to be integrated in the cryogenic electronics of the RI.
These chips are widely used for applications such as telecommunications,
medical devices, automotive systems, and quantum computing.

_ LEGEND-1000 is focused on developing a range of radiopure materials for the
reduction and rejection of background events, with potential for applications
in areas where low-background environments are performance-critical, such

| 2 APPEC (2023): European Astroparticle Physics Strategy 2017-2026. Mid-Term Update - September
2023. URL: https://indico.cern.ch/event/1339060/attachments /2742922 /4774302 / AP-
PEC%20Roadmap%20Midterm%200ct2023%20web.pdf

| 3 https:/ /www.astroteilchenphysik.de /download /kat_input_european_strategy20 18_final_version.pdf

| 4 Cf. https://nuclearsciencefuture.org/wp-content/uploads/2023/11/NSAC-LRP-fact-sheet-LRP-SHEET-
final.pdf


https://indico.cern.ch/event/1339060/attachments/2742922/4774302/APPEC%20Roadmap%20Midterm%20Oct2023%20web.pdf
https://indico.cern.ch/event/1339060/attachments/2742922/4774302/APPEC%20Roadmap%20Midterm%20Oct2023%20web.pdf
https://www.astroteilchenphysik.de/download/kat_input_european_strategy2018_final_version.pdf
https://nuclearsciencefuture.org/wp-content/uploads/2023/11/NSAC-LRP-fact-sheet-LRP-SHEET-final.pdf
https://nuclearsciencefuture.org/wp-content/uploads/2023/11/NSAC-LRP-fact-sheet-LRP-SHEET-final.pdf

as nuclear safety, medical imaging, radiation detection, or quantum
computing.

_To ensure this radiopurity, screening measurements to detect trace levels of
radioactive contamination are crucial to the experiment and beyond, e.g. for
monitoring nuclear waste storage from reactors or medical facilities. Within
the framework of the project, it is planned to build three screening stations at
the Deutsches Zentrum fiir Astrophysik (DZA) as a user facility to support
scientific research that requires low-background materials.

_The development of light detectors which LEGEND-1000 needs for effective
operation in its sensitive experimental environment also holds potential for
applications in industrial sectors that require high precision and reliability,
such as autonomous vehicles and advanced optical systems.

_ At the MPIK, a successor to the established digitizer system, the so-called
FlashCam system, is being developed with the aim to provide a platform that
can be adapted to a variety of research areas and industrial applications. In this
context, a special data compression algorithm developed for processing high-
throughput data is described to have potential applications in fields requiring
fast and efficient data handling.

_The data analysis techniques and Al tools LEGEND-1000 is developing in order
to differentiate between neutrinoless double beta decay signals and
background events are employing neural networks with potential for use in a
variety of industries, including healthcare, autonomous systems and
environmental monitoring.

According to the draft proposal, leadership of Germany and Europe in the field
of rare event detection and its cross-disciplinary applications could lead to
international investment. The RlIs integration into global research networks is
expected to strengthen Europe’s and Germany’s role in scientific leadership by
increasing LEGEND-1000’s competitiveness in emerging high-tech industry
fields such as quantum computing and cryogenic technologies. Among the
German responsibilities for the project are, for example, germanium detector
research and development (R&D) and manufacturing, the development of novel,
cryogenic electronic readout silicon chips, the production of ultra-pure plastic
materials, the construction of liquefied noble gas detectors, the planning and
procurement of the large-scale cryostat, and the development of new data
analysis techniques leveraging Al. Therefore, the involved German groups have
cultivated close collaborations with German and European industry partners
and industry-related institutes.

Moreover, LEGEND-1000 regards the training of young scientists in these fields
as both essential for science and contributing to Germany’s industrial strength.
Therefore, the LEGEND collaboration actively promotes international exchange
for students and early-career researchers. The project is also committed to
communicating its research and findings to the public. Outreach efforts include
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the organisation of site visits, public outreach events for high-school students
and the general public, as well as interdisciplinary art and science projects.

LEGEND-1000 plans to make various contributions to sovereignty and resilience:
It is intended to reduce reliance on non-European suppliers by strengthening
European supply chains for critical technologies in stable isotope production
and high-purity germanium crystal growth. The development of ultra-sensitive
detectors and low-background materials is described to have direct applications
in national security and in (the protection of) critical infrastructure in the
context of radiation detection and nuclear non-proliferation. This could also be
relevant for quantum computing and advanced radiation detection
technologies.

1.2 Conception

I.2.a Technical and Structural Design

LEGEND-1000 is built upon technologies demonstrated in previous experiments,
namely GERDA, MAJORANA, and LEGEND-200. Serving as a platform for testing
and validating technologies, LEGEND-200 has been instrumental for the
proposed design of LEGEND-1000. The insights gained there are expected to
enable developments such as scaling up the detector mass and boosting the
experimental sensitivity.

The core of LEGEND-1000 are 330 germanium detectors made from material
with enriched "°Ge content. The searched-for neutrinoless double beta decay of
7®Ge occurs inside the detectors which — at the same time — are also used to
measure the energy release. The germanium detectors are operated in liquid
argon which is used as an active veto against background events. It serves as
cryogenic coolant, radiopure shielding and a secondary scintillation detector
(detector-in-detector concept). In one tonne of "°Ge, fewer than one decay occurs
per year, but this combination of active and passive background reduction
measures is expected to enable LEGEND-1000 to operate in a regime where
observing just a few decays could lead to discovery.

In order to reach optimal noise performance, minimal distance between the
amplifier electronics and the germanium detectors is required, which is difficult
to achieve due to the radiopurity constraints in the germanium diode vicinity.
ASICs will be employed to reduce the physical size of the electronic components
and allow to place the amplifier close-by the germanium detector readout
contact.

The germanium detectors are deployed in individual payloads, each consisting
of several germanium crystals arranged in a string configuration and
surrounded by light instrumentation. This configuration facilitates a staged
deployment allowing early data collection during the installation phase.



It also allows for maintenance and upgrade interventions throughout the life
cycle of the experiment. A total number of 42 strings is to reach the total
germanium detector mass of 1000 kg.

The liquid argon is contained in a 240 m® vacuum-insulated cryostat vessel
which houses the germanium detectors. It is separated into two compartments
by the so-called re-entrant tube. The innermost volume is filled with 15 m® of
underground-sourced liquid argon. The outer volume is filled with 220 m® of
liquid argon sourced from the atmosphere. It provides shielding towards the
cryostat walls and is equipped with light collectors and photo sensors to serve
as a large-scale scintillator detector. The cryostat is placed inside a 1000 m’-
water tank that serves as passive shield, muon detection medium and neutron
moderator.

The LEGEND-1000 infrastructure is completed by two clean rooms for detector
integration and insertion of strings into the cryostat. The building around the
water tank also offers space for electronics and data acquisition as well as office
space for scientists. Next to the setup will be storage tanks for cryogenic liquids.

The entire infrastructure will be constructed at the LNGS in Hall C, at the
location of the former Borexino experiment, underneath a 1.5 km-thick rock
shielding, providing the ultra-low background level necessary for the
experiment.

The data collection will start in 2030, reaching the full 1000 kg target mass in
2034. This means the operation phase (2030-2044) will begin while the
installation phase (2021-2034) is still underway. The installation phase is
scheduled to last about 15 years, after which the dismantling of the experiment
is scheduled to take place in 2046. According to the draft proposal, LEGEND-1000
is the only next-generation experiment that will reach a half-life discovery
sensitivity beyond 10”* years. Due to the low background, the sensitivity
increases almost linearly with measurement time. While there are no concrete
plans for upgrades, it is expected that R&D will continue alongside data
collection in order to further improve the performance of the RI.

[.2.b Integration in German, European and Worldwide Structures

LEGEND-1000 represents the tonne-scale continuation of the germanium-based
approach using enriched "°Ge. The experiment builds on previous experiments
and follows a technological lineage: The foundations of LEGEND-1000 were laid
by the GERDA experiment in Europe (operated from 2011 to 2020 at the LNGS)
and the MAJORANA DEMONSTRATOR in the USA (operated from 2011 to 2021
at the Sanford Underground Research Facility [SURF]). GERDA pioneered the
detector-in-detector concept of LEGEND, demonstrating the feasibility of
background-free operation and the linear scaling of discovery sensitivity with
exposure for the first time. According to the draft proposal, it has reached the
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best background performance of any neutrinoless double beta decay experiment
to date, only matched by LEGEND-200. The MAJORANA DEMONSTRATOR set
benchmark standards for radiopurity and detector construction. In 2016, both
experiments merged into LEGEND, unifying the advanced germanium detector
developments of both collaborations with their liquid-argon background
suppression (GERDA) and wultra-pure electroformed copper technology
(MAJORANA). The initiative expanded as additional groups began to participate.
LEGEND-200 currently operates at the LNGS with approximately 140 kg of
enriched germanium; an upgrade to about 170 kg is foreseen in 2027. Therefore,
LEGEND-1000 is not a new conceptual approach but the tonne-scale realisation
of an experimentally validated detector concept.

Globally, the neutrinoless double beta decay programme is pursued through
multiple isotopes and detector technologies. Besides LEGEND-1000, there is
another germanium-based experiment, the CDEX programme, based at the
China Jinping Underground Laboratory (CJPL). There are also cryogenic
bolometric |5, xenon-based |¢ and liquid scintillator—-based experiments in
Europe, North America and Asia. |7 As the successor of the European GERDA
experiment, LEGEND-1000 is integrated in the national and European
infrastructure landscape. The RI serves the national and international scientific
community and 1is structurally embedded in Germany’s long-standing
partnership with the LNGS, the largest deep underground laboratory in Europe.
With both LEGEND-1000 and CUPID located at the LNGS, the laboratory enables
complementary isotope and technology-based approaches within a coordinated
underground research environment.

[.2.c Demand for Research and Development

The previous projects GERDA, MAJORANA and LEGEND-200 have established the
maturity and viability of key technological components on which LEGEND-1000
relies. Current efforts in R&D focus on optimising performance and enhancing
sensitivity. These optimisations include the ASIC-based front-end electronics
which would amplify the signal close to the detector, reducing noise and
enhancing signal quality. If not successful, LEGEND-200’s electronics system will

| 5 Cryogenic bolometric searches were pioneered by the CUORE experiment at the LNGS, which employs
natural tellurium (natTe). It is succeeded by CUPID, which adopts enriched Mo. In parallel, and cooperating
with CUPID, the AMoRE programme in South Korea pursues 100Mo-based scintillating bolometric detectors.

| 6 Xenon-based searches are conducted by KamLAND-Zen with a planned KamLAND2-Zen upgrade; the NEXT
programme at the Laboratorio Subterraneo de Canfranc (LSC) operates with up to 100 kg Xe enriched in *Xe;
in the liquid xenon domain, the proposed nEXO experiment which has been deprioritised by the DOE NP in
favour of LEGEND-1000 as the only project advancing toward tonne-scale implementation. XLZD, a xenon-
based low-background observatory for astroparticle physics, is an international collaboration planning
searches for dark matter, double beta decay, neutrinos and other rare processes.

| 7 The SNO+ experiment at the Sudbury Neutrino Observatory Laboratory (SNOLAB) in Canada employs
tellurium-loaded liquid scintillator and is currently preparing for Te-loading. The JUNO detector in China is
primarily designed for neutrino oscillation measurements.



be used. Although the performance of this system is slightly reduced, it would
still meet the requirements for LEGEND-1000.

Further R&D work is being carried out to prepare for the possibility that
problems arise with the acquisition of underground-sourced argon (UAr). As it
contains much lower levels of the argon isotope *’Ar than atmospheric argon,
UAr is used to reduce the background caused by *’Ar. This constitutes a key
challenge for the project. A workaround is being prepared in form of an
enclosure of germanium detectors by a scintillating material. If this technique
proves successful, it will allow LEGEND-1000 to meet its background goals even
without the use of UAr.

To further improve the sensitivity of the experiment, a neutron shielding and
tagger made from Gadolinium (Gd)-loaded Polymethylmethacrylat (PMMA) are
to be placed around the re-entrant tube in the liquid argon. Although it is a new
component that has not been used in the preceding experiments, it is described
as a proven concept and considered a viable approach for LEGEND-1000 to
significantly reduce neutron-induced background.

Engineering challenges that need to be met before the installation by the
respective contracted companies include the lock mechanism that will be used
to lower the strings of germanium detectors into the liquid argon, the large
cryostat that will contain the liquid argon, and the re-entrant tube.

[.2.d  Sustainability Across the Entire Life Cycle

In the first phase of the project, LEGEND-200 is collecting data reusing the
existing infrastructure from the former GERDA experiment at the LNGS, aiming
at minimal investment and ecological impact. Similarly, no new buildings will
be required for LEGEND-1000, as the experiment will be installed at the location
of the decommissioned Borexino experiment, reusing some of its infrastructure.
By reusing infrastructure and adhering to good scientific practice through its
established code of conduct, the project also implements key principles of the
BMFTR-funded LeNa project. |8 As the LNGS is located within the Parco
Nazionale del Gran Sasso e Monti della Laga, strict environmental regulations
are to be followed. The sustainability measures of LEGEND-1000 will be closely
linked to the laboratory’s requirements. This includes, for example, measures to
reduce the electricity consumption and heating energy.

One crucial resource needed to build the experiment is steel: the stainless steel
for the cryostat and the water tank (about 100 tonnes) as well as the steel for the
building and the new cascades for the enrichment of the isotope "°Ge. According
to the draft proposal, the supplier for the stainless steel for the cryostat claims
a carbon emission rate 93% lower than the industry average. The recycling rate

| 8 https://www.nachhaltig-forschen.de/en/
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for germanium is stated of around 60% for European companies. It is planned
that the company that already supplied enriched germanium for LEGEND-200
will become the sole provider for LEGEND-1000.

Beyond ecological aspects, the LEGEND collaboration considers sustainability in
a broader context, taking into account people’s physical and mental health as
well. In addition to the LNGS’s safety rules and trainings, a Group Leader in
Matter of Safety (GLIMOS) will be appointed for the construction and operation
at the LNGS. Moreover, the LEGEND collaboration has issued a code of conduct
since it is imperative that all members of the collaboration perform their
research in a manner consistent with standards of ethical scientific research.

1.3 Utilisation in Science, Industry, and Commerce as well as Society

[.3.a Target Groups and Anticipated Demand

LEGEND-1000’s core user group will consist of scientists directly involved in the
design, construction and operation of the RI who are part of the LEGEND
collaboration. However, the RI is intended to benefit a broader range of scientific
communities beyond the core group as well as economic and societal
communities, which are also defined as “user groups”.

Within the scientific community, LEGEND-1000 is intended to primarily benefit
astro- and particle physics, neutrino physics, and rare event searches with its
high sensitivity. In this context, the scientific user group is estimated at 1,500
researchers from across the world, with a majority based in North America and
Europe, with approximately 25% from Germany. Each year, about 200-300
researchers are expected to use the RI, with more than 50% being early-career
researchers, benefitting from training and education.

According to the draft proposal, there is also expected demand from industry
for several technologies LEGEND-1000 is developing, such as cryogenic testing
and high-purity material analysis. Past experience suggests a growing demand
for trace analysis and for customizable, clean, and high-performance materials,
e.g. in industries such as nuclear safety, medical imaging, radiation detection,
and quantum computing. The screening which LEGEND-1000 will perform in
high-precision to detect trace levels of radioactive contamination is also
described as increasingly important in similar contexts.

From a societal perspective, LEGEND-1000 seeks to engage the general public,
students from middle and high-schools, and educators through a variety of
outreach programs, educational visits, and interactive online platforms.
Moreover, citizen science projects will be established, providing participants
with access to specially curated experimental infrastructures and scientific data.



[.3.b Access Models, Service Structures, and Education

The project team of LEGEND-1000 plans to ensure an efficient resource
utilisation by implementing a structured access management system for each
user group. Access to data will be tiered, with full access for collaborators and
restricted access for approved external users. Access management is defined in
the context of scientific, industry and public access.

Access for scientists will be managed via collaboration membership and a
proposal-based system for external researchers. Application for full
collaboration membership is open to any group. Access to the infrastructure for
experimental resources will be coordinated through the LNGS User Office.
Researchers from the LEGEND collaboration as the primary scientific user group
will have full access to all resources, such as the physical infrastructure, the
HPGe detector array, cryogenic systems, liquid argon instrumentation, material
testing facilities, analysis software, computing and experimental data. Full
collaboration members are eligible to author the scientific results in
publications and disseminate the results in international conferences.
Undergraduate students from universities that are part of the LEGEND
collaboration can engage through their home institutions; to gain practical
experience, summer schools are being organised. Doctoral and postdoctoral
researchers are recruited through public calls and selection committees. In
order to empower young scientists, a support programme for early-career
researchers will be offered, involving them in both scientific and organisational
decision-making processes, offering career development support and mentoring
by senior researchers, etc.

Industry access is planned to be structured around collaborative projects and
fee-based services. For fee-based access, applications are considered based on
resource availability and project relevance. For industry, it is planned to provide
access to key sectors such as radiation detection, material science, cryogenic
electronics and low-background technologies for quantum computing. Clear
intellectual property and data-sharing agreements will be implemented to
ensure mutually beneficial collaborations for both LEGEND-1000 and industry
partners.

Public access, e.g. for educational purposes, is facilitated through outreach
programs and an online platform offering virtual tours and interactive tools.
Plans are in place to facilitate access for the general public through in-person
visits, workshops and public lectures. Approximately 5,000 in-person visitors are
expected annually, and potentially ten times as many through virtual
participation.
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[.3.c Data Utilisation

The planned research data management (RDM) for LEGEND-1000 builds upon
the preparatory work developed for LEGEND-200. A dedicated expert team will
manage the generated data, with senior investigators responsible for data
accuracy and integrity. The primary data types that will be collected include 1)
raw signals such as HPGe, silicon photomultiplier (SiPM) detector, and
photomultiplier (PMT) signals recorded by the data acquisition, along with raw
data from auxiliary detector and monitoring systems; 2) processed data such as
analysed detector signals; 3) reduced data and metadata such as computed
efficiencies, dead times, and trained algorithms; as well as 4) summarised data
in the form of tables and plots for presentations and publications.

The RDM is planned to follow the FAIR principles (Findable, Accessible,
Interoperable, Reusable). This includes the development of a catalogue of all
generated datasets and access management through a dedicated portal. The data
sharing policy includes both open access and restricted access. A two-year
embargo period will apply before the data is made available through an open
access model. LEGEND-1000 will utilise community and internal standards for
data formats. Raw data is intended to be stored initially in its native binary
format and converted into the community-standard HDF5 format to ensure
compatibility with existing tools and integration with other experiments. This
format supports data compression, archiving, and ease of access. The HDF5
format will also be used for analysed and reduced data, with a formal
specification to ensure long-term accessibility. Reusability will be facilitated:
Metadata is planned to be kept in JSON files, including provenance, conditions,
and processing steps to ensure data is understandable in context. Summarised
data will be saved in widely-recognized formats, such as PDF for plots and CSV
for tables. Licence terms such as Creative Commons are planned for public data,
whilst more restrictive licences will apply to proprietary data.

A long-term preservation strategy is envisaged to ensure enduring accessibility.
The collaboration software generated during the project for data conversion and
analysis is planned to be stored as source code in a GitHub repository; materials
such as documentation, research logs, and other communications about the data
and its derivatives are intended to be archived as well.

Expected use cases for data include reinterpretation and reanalysis of physics
results, education and outreach, data analysis for technical and algorithmic
developments, and new physics research. To enhance interoperability, it is
planned to connect with broader frameworks such as EuroHPC and the
PUNCH4NFDI consortium of the Nationale Forschungsdateninfrastruktur
(NFDI), Germany’s national research data infrastructure, to align with national
and international standards, and to support cross-infrastructure collaboration.



1.4 Project Planning

l.4.a Planning Status, Scheduling, and Further Steps

In 2016, the LEGEND collaboration was established by the merger of the GERDA
and the MAJORANA collaborations. In 2022, the commissioning of LEGEND-200
began, and the experiment has since completed its first data-taking period and
will resume data-taking after a period of screening auxiliary materials and
reassembling the germanium detectors.

For LEGEND-1000, a Pre-Conceptual Design Report (Pre-CDR) was released in
2021 and used in the DOE’s portfolio review. Since then, the collaboration
started R&D and engineering efforts for all hardware components, with the
infrastructure for LEGEND-1000 already under preparation.

In its milestone plan, the draft proposal distinguishes between funding
milestones, the LNGS authorisation milestones as well as construction and
assembly milestones. As the project is supported by an international
collaboration, it has a financing structure that is shaped by the contributions of
the different national funding agencies. The funding milestones therefore
include the status of the USA funding from NSF and DOE, Switzerland, Poland,
Italy and the UK, as well as the German BMFTR funds. In case of the USA funding,
the funding decision by the NSF is expected for April 2025 and the available
funds are to be used to sign a contract with the firm constructing the
germanium enrichment cascade. For the DOE funding, the department’s
relevant guideline stipulates several decision points and the DOE Critical
Decision 1 (CD-1) is expected for spring 2025, which would result in additional
R&D funding being released. For Switzerland and Poland, funding at the level of
the funds already approved in 2021/22 are expected; a proposal to the SNF is to
be submitted later in 2024 and to STFC in the UK in 2025 with funding becoming
available in 2027 in case of a positive outcome. The Italian INEN is expected to
commit if other partners also contribute.

The LNGS authorisation milestones consist of a preliminary risk analysis,
followed by an environmental impact analysis (Valutazione d’incidenza
ambientale, VINCA), and the evaluation of a Technical Design Report (TDR) by
the LNGS. A positive result would authorise the start of underground
construction in 2026, including the installation of the water tank, cryostat, and
steel frame building around the water tank.

A critical construction and assembly milestone is the complete dismantling of
the former Borexino experiment to allow for the installation of LEGEND-1000.
The first crucial item that is planned to be built underground at the LNGS is the
argon cryostat, whose 18-month installation period is planned to start in 2026.
Afterwards the water tank will be built around the cryostat and subsequently
the building supporting the infrastructure.
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Construction of the clean rooms and installation of the cryogenic infrastructure
is planned to start in May 2028. This is followed by the installation of the
hardware inside the cryostat, the lock and glove boxes; by the end of 2028, the
re-entrant tube is planned to be installed. Once the cryostat is filled with argon,
which is scheduled to be completed by mid-2029, first commissioning of
germanium detectors is set to take place. At the same time, the water tank must
be filled. First physics data taking with about 300 kg of germanium detectors are
expected to be launched in 2030.

The life cycle of the RI begins with an installation phase from 2021 to 2034; data
collection with a subset of germanium detectors is anticipated to begin in 2030
and to continue for 15 years. The dismantling phase is scheduled for 2046.

The large infrastructure components and the production of enriched
germanium detectors represent the majority of the project’s costs and define the
critical path. The project team asserts they maintain constant contact with the
involved companies and have secured quotes for the planned production,
including any necessary upgrades to their facilities.

[.4.b  Budget Planning of Funds and Funding Concept

As part of the draft proposal, a budget plan, based on the status in 2024, has
been submitted (table 1). The total costs are calculated at 457.52 million euros;
the German share of the project is calculated at 69.54 million euros, with
contributions from the MPIK (30.96 million) and the TUM (22.7 million euros).
For the installation phase, the largest contributions will come from the DOE
(152 million euros) and from the NSF (48.4 million euros). 33 million euros are
requested as part of the draft proposal in the prioritisation process. This amount
is broken down across the following items: A budget is being requested for the
procurement of the germanium detectors (52%), for the instrumentation of the
water tank (14%), for the production of radiopure plastic materials (11%), for
the procurement of three new screening stations at the DZA (9%), for the
development of an ASIC-based amplifier (7%), as well as for risk mitigation (7%).

The total installation costs of LEGEND-1000, based on 2024 prices (excluding
overhead and escalation), are estimated to be 194.95 million euros for
investments and 129.73 million euros for labour and R&D. With additional costs
of 1.54 million euros for other funding requirements, the total costs of
326.22 million euros are calculated for the installation phase. 130 million euros
are estimated for the operation phase and 1.3 million euros for dismantling.
Expected proceeds from the sale of 350 germanium detectors are estimated at
35 million euros in the year 2046, corresponding to the costs for 3 kg crystal
growth and detector fabrication for 100 thousand euros per piece. Risks are
quantified with 25 million euros.



Table 1: Key figures from the budget plan of LEGEND-1000 as of October 2024, in

euros.
Financial Amount
German Share Contributions Expected requested from
Total Costs* (partner . P BMFTR Risks
e . of the responsible Proceeds s .
institutions)** =~ | (prioritisation
institutions
process)
Total Project 457.52 m 69.54 m 30.96 m from MPIK, 35.00 m 33.00 m 25.00 m
Duration 22.70 m from TUM
[2021-2046]
Installation Phase [326.22 m 37.46 m 13.06 m from MPIK, n/a 33.00 m 25.00 m
[2021-2034] 14.00 m from TUM
Operation Phase [130.00 m 32.08 m 17.90 m from MPIK, - - -
[2030-2044] 8.70 m from TUM
Dismantling Phase|1.30 m - - 35.00 m - -
[2046]

* Without indexing and risks.

** Partner institutions include the University of Tlibingen, Dresden University of Technology, Leibniz-Institut fiir
Kristallzichtung Berlin, Leibniz Institute of Polymer Research Dresden, Hochschule Rhein-Main - University of Applied
Sciences and Arts, Hochschule Karlsruhe - University of Applied Sciences.

Source: Draft proposal submitted as part of the prioritisation process.

1.5 Organisation and Management

The organisational structure of LEGEND-1000 will be formalised through a
Memorandum of Understanding (MoU) between the host institution, the LNGS,
and the participating institutions. This agreement will outline the roles and
responsibilities of all partners. It is planned to draft and sign the MoU in 2025.

The primary body responsible for overseeing the construction of LEGEND-1000
is the Consolidated Project Office (CPO), led by the managing director. It consults
regularly with the LEGEND collaboration and Consolidated Project Advisory
Board (CPAB) and reports to the host laboratory LNGS, the Resource Review
Board (RRB), and the funding agencies. Additionally, the CPO ensures that
designs meet specifications and that the project progresses according to
schedule and budget. The CPO comprises one project director each for the DOE,
the NSF, and international contributions. Major contributing countries, such as
Germany, also hold a seat for a deputy director. The project manager and project
engineer, who coordinate the design efforts, are members, as well as a technical
coordinator and a GLIMOS. Other key personnel responsible for risk
management, project control, and quality assurance are included, along with an
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Education Coordinator overseeing the outreach programme for the NSF and for
the European partners.

The RRB monitors resource allocation. It consists of members from all funding
agencies. The managing director of the CPO reports to this board and is
appointed by this board. A first charter to define the role of the RRB has already
been drafted; it is expected to be established in 2025.

The division of scope, the task assignments and responsibilities are captured in
the project’s Work Breakdown Structure (WBS).

The LEGEND collaboration defines the physics goals of the experiment and is
responsible for all scientific matters. Its members form the core workforce
responsible for building the experiment. The collaboration advises the CPO on
all relevant topics and reports twice per year to the LNGS scientific committee
on the status of both LEGEND-200 and LEGEND-1000. It operates through the
Institutional Board (IB), consisting of representatives from each institution, and
the Steering Committee. The collaboration is led by two spokespersons — at the
time of submission of the draft proposal: Prof. Dr. Stefan Schonert (TUM,
Germany) and Steven Elliott (Los Alamos, USA) — who also lead the Steering
Committee. The collaboration operates according to the LEGEND bylaws, which
were initially developed for LEGEND-200 and are continually updated to meet
evolving needs. The bylaws define the roles and responsibilities of key entities
and also ensure the active participation of early-career members in all boards
and committees. During the operation phase of LEGEND-1000, the collaboration
will take over the management of the infrastructure.

The CPAB consists of senior physicists with a background in large-scale
experiments similar to LEGEND-1000. They advise the CPO on emerging
problems or matters relating to the management structure.

As the host laboratory, the LNGS requires the collaboration to appoint a
technical coordinator and a GLIMOS, who are also members of the CPO, ensuring
proper coordination and adherence to safety protocols.

1.6 Risks

The project’s risk registry contains approximately 170 risks; the primary risks
relevant for the parts that are requested to be funded by BMFTR through the
proposal were identified separately. As a major organisational risk, the
dependence on the supplier is stated, which is the sole provider of enriched
germanium for LEGEND-1000.

Apart from this, access to raw material like germanium is problematic, in
particular because of export controls by China. Planned countermeasures
include an early procurement contract and recycling of LEGEND’s germanium
waste.



A financial risk poses a late flow of funding, as the funding from DOE has already
been delayed and the CD-1 milestone postponed to take place in 2025.

Similarly, the UK contributions for argon handling are included in the risk
management strategy. According to the draft proposal, the experiment can be
built with approximately 40% of the required germanium detectors using the
funds from the other funding sources. The remaining detectors would be built
later with funding from DOE and the UK. Another financial risk lies in a
potential sudden increase in costs for services relating to detector production.
LEGEND-1000 tries to mitigate this risk by securing binding contracts with the
companies while also looking for possible alternatives. Technical risks include
insufficient radiopurity of materials for the experiment and insufficient
performance specifications of ASIC-based electronics.

A prerequisite for the construction of LEGEND-1000 is approval from the LNGS
director. Following the positive recommendation from the external LNGS
Scientific Advisory Committee that was obtained in the summer of 2024, a
preliminary risk analysis is to be conducted by an external firm to ensure that
the operation of LEGEND-1000 will not increase the overall risk profile of the
LNGS.

Given the LNGS’s location within a national park, the Parco Nazionale del Gran
Sasso e Monti della Laga, there are certain environmental regulations the
laboratory has to fulfil. These include specific operational requirements, as the
national park serves as a source of drinking water for the region. To ensure
compliance with all environmental standards, an environmental impact analysis
(VINCA) is to be submitted to the regional authorities, with results expected in
2027. This analysis must detail potential environmental risks associated with
both the installation and operation phases of the experiment. To this end, the
LNGS has an environmental management handbook defining the environmental
aspects for all phases of an experiment life cycle and for general LNGS operation.

A risk register will be maintained for all project phases, using a project
management tool that allows for regular updates, detailed tracking, and ongoing
risk assessments as the project evolves. A key element of the risk mitigation
strategy is the opportunity to test systems and processes in LEGEND-200, the
preceding phase of the experiment. By leveraging the infrastructure and
experience from LEGEND-200, the collaboration gains valuable insights and the
ability to identify and pre-empt potential issues before they impact the larger
LEGEND-1000 project. For the budget calculation, the risks in the installation
phase are estimated at 25 million euros (table 1) while no risks for the operation
and the dismantling phases are quantified in the draft proposal documents.
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A.ll RESULTS OF THE ASSESSMENTS OF THE DRAFT PROPOSAL

The draft proposal of LEGEND-1000 was assessed in three parallel strands: a
central science-driven assessment, a complementary assessment of the potential
for innovation and transfer, and an assessment of costs and risks. The results of
these strands are outlined below.

1.1 Science-Driven Assessment

The science-driven assessment carried out by the WR was based on the following
four dimensions:

_The dimension of scientific potential covered the significance of the research
questions to be addressed, the added value offered by the RI in answering
them, the diversity and range of the research areas addressed, the potential for
interdisciplinary and transdisciplinary cooperation, and the adaptability to
newly emerging questions.

_In the dimension of scientific utilisation, the anticipated demand from user
groups and the design of access to the planned RI were assessed. The
institutional and disciplinary diversity and internationality of the potential
users were also taken into account. In addition, plans for RDM and measures
for quality assurance of use, as well as standards of good scientific practice in
handling research data, such as reuse and secondary use of data, were
examined.

_In the dimension of relevance for Germany as a location of science and
research, the relevance of the project for research in Germany, Europe and
throughout the world was considered. The decisive factor was the extent to
which the proposed RI can contribute to Germany’s attractiveness, visibility
and competitiveness in science and research, including Germany as a location
of scientific excellence and as a cooperation partner.

_ The dimension of feasibility from a scientific perspective took into account the
technical, personnel and institutional requirements of the project (including
the organisational structure and governance) as well as the consequences of
associated risks. The assessment focused on the extent to which the planned
RI can guarantee the feasibility of the scientific and technical solutions and
the scientific milestones. The status of planning and implementation also
played a role in this.



The science-driven assessment came to the following conclusion: |°?

Scientific potential

With its attempt to detect neutrinoless double beta decay, LEGEND-1000 was
recognised as an RI with extraordinary scientific potential. It was stated that
such a discovery would be groundbreaking for astroparticle physics and could
provide answers to key questions about the properties of neutrinos, their
effective mass and the origins of the matter-antimatter asymmetry of the
universe. The implications of this discovery would extend far beyond particle
physics to astrophysics and cosmology. With regard to this significance,
reference was made to several ongoing or planned large experiments designed
to detect neutrinoless double beta decay in Europe, North America and Asia, for
example CUPID, nEXO and CDEX. These projects using different isotopes and
technologies to measure the decay electron energies by employing various
methods to reduce background events were seen as complementary in some
respects. With regard to LEGEND-1000, it was expected that the project’s
experimental setup will advance the development of ultra-sensitive detectors,
cryogenic systems, low-radiation materials and innovative analysis methods. It
was noted that these advances could find further application in areas such as
radiation detection, medical imaging, environmental monitoring and quantum
computing.

Scientific utilisation

In terms of scientific utilisation, it was considered that LEGEND-1000 benefits
from a willingness to engage in broad international cooperation, particularly in
Europe and with the USA. Despite its research focus on the search for
neutrinoless double beta decay, particle and astroparticle physicists were also
expected to show considerable interest in the RI. A major strength of the project
was seen in its advanced RDM, which adheres to the concept of open science and
FAIR principles. Attention was drawn to the plans to make the data available to
collaboration partners first and then to the public after a two-year embargo
period. This approach was deemed to ensure high usability standards,
promoting scientific inclusivity and creating promising opportunities for
utilisation. Due to its convincing access strategy, its focus on high user-
friendliness and its clearly structured concept for data exchange, LEGEND-1000
was therefore regarded as RI that promises considerable benefits for the
scientific community.

| 9 German Science and Humanities Council / Wissenschaftsrat (2025): Report on the science-driven
assessment of large research infrastructure projects for the national prioritisation process; Cologne, p. 45-
47. DOl https://doi.org/10.57674 /he9d-sv18
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Relevance for Germany as a location of science and research

LEGEND-1000 was considered to be of great relevance for Germany as a location
of science and research as it builds on Germany’s considerable expertise in key
areas such as germanium technology, crystal growth and electronics.
Contributions by the MPIK and TUM to the (further) development of germanium
detectors used for the detection of light and particles were seen as particularly
crucial to the success of the project. It was noted that the participation of
German scientists in the development of key hardware components is essential
for the experimental work of the project, underlining Germany'’s leading role in
cutting-edge technologies. Therefore, it was expected that these contributions
will further consolidate Germany’s attractiveness and importance as a location
of science and innovation.

Feasibility from a scientific perspective

Regarding its feasibility from a scientific perspective, it was stated that
LEGEND-1000 benefits from experience gained in previous experiments, which
provide a solid foundation for successful implementation. Most of the identified
risks were considered to be manageable, due in particular to a proactive and
well-structured risk management strategy. One major challenge was seen in the
tight schedule, with the pending acceptance of the TDR by the LNGS
representing a critical milestone. It was noted that there is a significant scientific
risk that no signal will be detected. In this case, adjustments to the scale of the
project could be necessary, underscoring the need for flexibility throughout the
entire life cycle. In view of the rapid advances in the field of neutrino physics, a
certain degree of adaptability was considered to be of great importance in order
to be able to react to new developments and ensure the long-term relevance of
the project. Overall, the chances of successful implementation were considered
high due to solid planning, robust risk management and strong institutional
support.

1.2 Assessment of the Potential for Innovation and Transfer

The assessment of the potential for innovation and transfer, carried out by an
expert committee set up by the then BMBF, was based on the following three
dimensions:

_The dimension of contributions to strengthening Germany as a location for
innovation and industry in Europe covered the innovative potential, especially
to fill the innovation pipeline (including time horizon), and the potential for
collaboration with industry and commerce as well as for contributions to the
attractiveness and competitiveness of Germany and Europe.

_In the dimension of contributions to the sovereignty, resilience, and capacity
to act of the state, the potential for provision of instructional and orientational



knowledge for future provision to politics, legislation and administration was
assessed as well as the potential for strengthening the digital and technological
sovereignty, the competitiveness in Europe, and the significance for security-
relevant research and critical infrastructures.

_The dimension of societal effects took into account the potential for
contributions to the solution of grand societal challenges and the achievement
of the United Nations (UN) Sustainable Development Goals (SDGs), for
cooperation with civil society and societal relevance, as well as transformative

potential and contribution to a culture of innovation.

The assessment of the potential for innovation and transfer came to the
following conclusion:

Contributions to strengthening Germany as a location for innovation and industry in Europe

LEGEND-1000 was recognised as RI that will be able to contribute to
strengthening Germany as a location for innovation and industry to a limited
extent. With regard to its focus on fundamental research in physics, innovative
potential was primarily expected in the construction and instrumentation of the
highly complex facility in the areas of cryoelectronics, detectors, and shielding
technologies. Therefore, it was considered positive that companies were already
involved in material development during the design phase and that the
collaboration was well presented. This was found to apply both to the hardware
(e.g., in terms of materials) and to the software (e.g., algorithms for processing
high-speed data), which were considered to have marketing potential, albeit to
a limited extent. Therefore, the possibility was seen that disruptive innovations
could emerge in the medium to long term. However, it was noted that
immediate exploitation of recent research results is not foreseeable, as there
were few direct points of contact for the economy. Overall, the transfer and
innovation potential seemed to be reflected in the concept, albeit in a very
abstract way. A possible exploitation option involving start-ups and spin-offs was
viewed positively, even though success in this regard could not be estimated due
to the “blue sky” nature of the research. Given the Rls planned location outside
of Germany it was recommended to make efforts from the outset to involve
German industrial partners and to promote transfer and spin-off activities in
Germany.

With regard to the draft proposal documents mentioning an existing network
of over 50 renowned international scientific partners for the installation (and
operation) of the RI, it was noted that the respective letters of intent (Lols) are
incomplete and for that reason the partner structure presented cannot be fully
verified. Given the ongoing predecessor project and the international character
of the RI, this was attributed to the short notice of the submission of the
documents rather than a lack of commitment on the part of the partners. It was
acknowledged that the project can build on a predecessor project and draw on
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an experienced team. Nevertheless, it was recommended to clarify the partner
structure before beginning the implementation.

Contributions to the sovereignty, resilience, and agency of the government

Contributions to the sovereignty, resilience, and agency of the government were
only expected to a limited extent. The provision of instructional and
orientational knowledge for politics and administration was not expected in the
immediate future, but in the long term, when research results could potentially
open up new possibilities for action in energy policy. It was acknowledged that
the RI provides direct access to (potentially groundbreaking) findings from
installation and instrumentation as well as from expected research results.
Direct knowledge of innovations in areas such as quantum computing,
cybersecurity, shielding, and detector technologies could make a relevant
contribution to technological sovereignty. These applications were regarded as
clearly reflected in the project. In the field of detector technologies in particular,
a short- to medium-term transfer to other security-related fields of application
was seen as conceivable. Reference was made to possible contributions to
sovereignty and resilience through the active application of quantum physics,
which could lead to security-relevant results. It was recommended to develop
concrete measures to improve research security and information technology (IT)
security of the RI.

Societal effects

The expected social impact was assessed as rather low, especially since it was not
comprehensively specified and validated within the framework of the concept.
Nevertheless, potential was seen in various areas. Contributions to the SDGs
were described in a comprehensible manner, covering areas such as energy, the
environment, and health. It was positively highlighted that the planned
outreach activities aim at social actors, building on established activities of the
NSF, including comprehensive science communication and citizen science
activities. In general, it was attested that the science communication envisaged
was presented in a reflective manner. Attention was drawn to the plans that data
obtained in the context of the RI is to be processed, curated for specific target
groups, and made available to the public after a short embargo period. The
research results and findings from the installation and instrumentation were
seen to have the potential to have a transformative and lasting impact on various
economic and social aspects. Finally, LEGEND-1000 was regarded as a globally
networked infrastructure that could also play a significant role in the context of
international cooperation and science diplomacy.

It was recommended that the effects of the energy transition outlined in the
draft proposal should be presented in a more differentiated manner and
described in greater detail.



1.3 Costs and Risks Assessment

The costs and risks assessment, carried out by an expert committee set up by the
then BMBF, was based on the following four dimensions:

_The dimension of resource planning and financing concept covered the
resource planning for the entire life cycle as well as the financing concept in
general.

_In the dimension of organisation and management, the proposed
organisational structure and governance, the existing implementation
competencies and contributions of the supporting and partner institutions, as
well as the time planning were assessed.

_ In the dimension of sustainable planning of RI throughout the entire life cycle,
the measures to optimise the ecological footprint, the accompanying
monitoring, and possible environmental and health impacts with
countermeasures were considered.

_The dimension of risk analysis and management took into account
quantifiable and non-quantifiable risks as well as the risk management
concept.

The costs and risks assessment came to the following conclusion:

Resource planning and financing concept

Overall, the resource planning for the entire life cycle was assessed as reliable,
providing a detailed overview of the key elements in terms of costs. Nevertheless,
in some cases, the allocation of items was not fully comprehensible, resulting in
a limited transparency in the total planning. Individual resource plans were seen
as incomprehensible in terms of their basis and thus their amount.
Furthermore, the planning and phasing were inconsistent in some cases, making
it difficult to clearly understand the exact timing of the expected contributions.
In this context, possible discrepancies to the requirements of the prioritisation
process were pointed out, as funding requirements for the installation phase had
already been taken into account from 2021 onwards. Although these
inconsistencies limited the reliability of the plans, it was noted that the key
elements of the planning appear to be largely plausible.

The planning of the project’s financing was deemed not to be robust. Regarding
the costs presented and their financing, a mismatch was noted, with no clearly
identifiable assignment to different phases. Against the backdrop of the
involvement of many organisations, it was considered critical that the submitted
Lols appeared to be of limited significance and reliability, as their contents did
not clearly indicate whether and when exactly which funds will be disbursed.
Overall, although significant financial contributions were planned for all
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phases, leaving only minor funding gaps, the planning was considered
inconsistent and implausible.

The fact that the entire proposal is based on the premise of the USA participating
was deemed problematic for the whole financing concept. However, as the
responsible institutions could not have foreseen this uncertainty at the time of
the project’s conception, this was not factored into the assessment. The basis for
the assessment was the project as outlined in the concept, including the USA
commitments.

Organisation and management

The proposed organisational structure and governance were deemed to be not
robust. Although it was acknowledged that the organisational structure includes
management and supervisory elements, these were considered to be not
sufficiently defined, particularly in view of inadequate job descriptions as well
as not clearly identifiable responsibilities and role assignments. It was
considered questionable whether the established LEGEND-200 structure could
be transferred to LEGEND-1000 as planned. Given the unclear separation
between funding agencies and executive staff, or between the executive and
supervisory bodies, attention was drawn to numerous potential conflicts of
interest. Although the greater involvement of funding agencies was deemed
interesting in principle, the mixing of scientific structures and funding agencies
was regarded as incoherent. In particular, positions such as “DOE Project
Director” were considered to require clarification, as they appear to conflict with
the tasks of the funding agencies.

The existing implementation competencies and contributions of the responsible
and partner institutions were assessed as largely reliable. It was noted that the
formalisation of the collaboration through an MoU was in preparation. The
German contributions were clearly presented in the WBS, but without specific
allocation to the responsible institutions. With regard to the submitted Lols,
some shortcomings were identified due to their heterogeneity and the fact that
some were outdated. While basic competencies were regarded as demonstrated
by previous experience, a more detailed description of the specific contributions
and a resource plan for a complete assessment of feasibility was requested. Even
though the substantial financial or content-related contributions of the
responsible institutions were acknowledged, in individual cases, further
commitment would be desirable in order to clarify the priority of the project for
the responsible institutions.

The time schedule was considered as reliable, the planning status as advanced.
Significant time dependencies had been identified and addressed. With regard
to the location of the RI, it was recommended to clarify of the procedural steps
that might be necessary for the approval of construction measures in the LNGS
halls at an early stage.



Sustainable planning of Rl throughout the entire life cycle

The planning for measures to optimise the ecological footprint was assessed as
largely reliable. Key aspects of ecological quality according to the German
Sustainable Building Council (Deutsche Gesellschaft fiir Nachhaltiges Bauen,
DGNB), including climate protection and energy, risks to the local environment,
responsible resource extraction, drinking water requirements, wastewater
generation and land use, were presented in the concept in a largely plausible
and comprehensible manner. Overall, the sustainability concept was considered
as concise and comprehensive. The aspects relating to the construction work
were particularly well described, while information on the experimental context
as well as on the deconstruction of the experimental structures was lacking.

The planning for accompanying monitoring was considered as reliable. The
concept for the planned monitoring was described concisely and in a well-
structured manner. It was highlighted that the sustainability management
system plans to use tools from the BMFIR-funded LeNa project, involving
resource planning, ongoing efforts to minimise the ecological footprint,
including emissions, and environmental impact assessments.

The planning with regard to possible environmental and health impacts with
countermeasures was assessed as robust. As the RI is planned to be located in a
nature reserve, it must comply with comprehensive sustainability requirements.
It was acknowledged that the concept explicitly addresses the protection of the
physical and mental health of employees. In addition, it was stated that the LNGS
has an environmental management manual that is intended to define the
environmental impacts in all phases of the life cycle of an experiment and
general laboratory operations.

Risk analysis and management

The presentation of quantifiable risks was considered as largely reliable. The risk
assessment based on NSF standards was seen as good foundation. While the risks
were generally comprehensive and well described, their total level was assessed
as too low for the operation phase. In the installation phase, the risks were
described in detail and appeared plausible in terms of their magnitude.
Although dismantling was described, no dismantling risks were specified.

It was stated that the concept describes a comprehensive risk register, but only
an excerpt is presented in the draft proposal documents. Against this backdrop,
it would be desirable to provide the complete risk register for the project in the
further process.

The presentation of non-quantifiable risks was assessed as largely reliable. It was
noted that the overarching risks were presented in a plausible manner, even
though no further risks were presented in the other project phases, which did
not appear plausible, at least for the operation phase.
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Overall, the risks presented were considered too generic and the list of risks not
complete. For the further project planning it was recommended to include more
specific details.

The risk management concept was regarded as largely resilient. It was stated
that the concept outlines various risk management processes and responsible
persons, although concrete descriptions are often lacking. Among other things,
typical standards for identifying risks were presented. Even though the
explanations in the concept were seen as to be brief, the presentation seemed
sufficient for the respective project status.

A.111 REACTIONS AND FURTHER DEVELOPMENTS

In response to the results of the three assessment strands, several specifications
and adjustments were made to LEGEND-1000. In the following, these
specifications and adjustments are briefly described. Prior to that, developments
regarding the funding of LEGEND-1000 are elaborated.

Delayed USA funding scenario

Since the submission of the draft proposal documents, the broader funding
environment in the USA has changed. This is highly relevant to the realisation
of LEGEND-1000, as the project depends on substantial contributions from the
DOE and the NSF as the two major funding agencies. This dependency and the
resulting challenges had been clearly addressed in the previous assessment. In
the meantime, it has become apparent that potential funding delays could not
be excluded, particularly with regard to the DOE, as the DOE Office of Science is
supporting two major construction projects, the Deep Underground Neutrino
Experiment (DUNE) and the Electron-lon Collider (EIC), which place significant
demands on the available construction budget. Against this backdrop, a revised
concept has been presented for LEGEND-1000, which is based on a delayed USA
funding scenario and takes this as baseline assumption for the entire project
planning.

The revised concept has been developed to ensure that the construction and
initial operation can proceed without relying on DOE construction funding. As
for the NSF funding, a final funding decision is now expected in 2027. The
project team has pointed out that LEGEND-1000 will be included in the NSF
budget request for fiscal year 2027 despite the pending final decision. Therefore,
some key infrastructure components originally foreseen within the DOE scope
have been reassigned to the NSF and the European partners without
compromising the schedule. As part of this, the item of the re-entrant tube has
been reassigned to the German partners and is to be covered by BMFTR funding.
Cables, feedthroughs and airside electronics are to be jointly supported by NSF
and INFN. The responsibility for the underground-argon transport has been



taken over by the MPIK, and the underground-argon production is expected to
be covered by the INFN.

In order to initiate the enrichment of germanium at commercial suppliers and
to start the detector production, a binding commitment to procure several
hundred kilograms of enriched germanium is required at an early stage to
prevent project delays. Even in the assumed scenario of a delayed DOE funding,
it has been stated that the European funding combined with NSF support
enables the procurement of approximately 600 kg of enriched germanium,
which is sufficient to trigger the enrichment. In terms of the German share, this
implies an increase from 50 kg of germanium detectors originally planned in
the draft proposal up to 120 kg.

Still, to reach the ultimate physics goal of LEGEND-1000, a full detector mass of
approximately 1000 kg is required. To this end, it has been planned to deploy
the remaining DOE contribution of roughly 400 kg of germanium detectors in a
staged approach. This is intended to enable early physics results with partial
mass while preserving the ability to seamlessly integrate additional detectors as
further funding becomes available, ultimately reaching the experiment’s full
discovery potential.

On the Assessment of the Potential for Innovation and Transfer

In response to the assessment that the involvement of industry partners should
be presented with greater clarity, some examples of cooperation with German
industry partners have been outlined, covering various key areas of the project,
including the design and construction of pressure equipment such as the
cryostat, the delivery and processing of germanium as well as the construction
of clean-room infrastructure. At the European level, more examples have been
given with regard to germanium enrichment, germanium crystal growth, the
conversion of crystals into germanium detectors as well as the construction of
major infrastructure components such as the water tank, steel support structure
and cryogenic infrastructure. With regard to the recommendation to promote
technology transfer and spin-off activities in Germany in a structured way it has
been emphasised that LEGEND-1000 is inherently closely connected to industry-
oriented research and maintains strong links to application-driven technological
development. Furthermore, the strategy for innovation transfer has been
redefined, identifying five key areas in which LEGEND-1000 will contribute to
technology transfer and spin-off potential in Germany, including 1) enriched
germanium for quantum computing, 2) low-background techniques for
quantum technologies, 3) low-background methods for environmental and
climate physics, 4) germanium detectors for reactor safety and
decommissioning, and 5) digitizers and advanced data acquisition systems.

Contributing to the resilience of the supply chains, it has been announced to
establish a new recycling flow for depleted germanium in cooperation with
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companies in this sector. The reason behind the decision to modify the approach
of germanium procurement is the shortage of natural germanium, caused by
China’s export controls since 2023, and its major implications for the realisation
of LEGEND-1000.

With regard to the societal impact, some clarifications have been provided,
based on the assessment that a differentiated and detailed presentation had been
lacking in this respect. Against this backdrop, it has been clarified with some
concrete examples that the social added value of LEGEND-1000 is expected to
arise primarily from its structured contribution to education and career
development, international and scientific collaboration, outreach and dialogue
with society as well as scientific breakthrough potential. Furthermore, it has
been made clear that the RI contributes to sustainability and the energy
transition through technological (detector) developments, environmental
(monitoring) applications, responsible (resource-efficient) infrastructure design,
as well as qualification of highly skilled personnel in areas such as
semiconductor materials, cryogenics, precision electronics, radiation detection,
data analysis, and Al-based signal processing.

On the Costs and Risks Assessment

In response to the assessment that the resource planning for the entire life cycle
had been inconsistent in some cases with regard to specific contributions and
phasing, a revised financial documentation has been provided, including agency-
specific funding profiles and clear assignments of costs to development,
construction/installation, and operation phases. In addition, a revised timeline
has been presented, incorporating the expected availability of major funding
sources based on recent available information. With regard to the cost estimates,
it has been made clear that these were based on realistic projections derived
from vendor quotes where available and from experience gained in previous
underground experiments such as GERDA and MAJORANA. In view of the
assessment that the submitted Lols had appeared of limited significance and
reliability, it has been assured that updated letters can be provided if required.
The originally submitted Lols were documenting engagement and intent of the
relevant international collaborators and funding agencies, while binding
financial statements could not be provided, due to the ongoing review process.
In addition to the TUM’s core funding stated in the support letter, third-party
contributions are also part of the commitment. Finally, clarification has been
provided regarding possible discrepancies to the requirements of the
prioritisation process by explaining that R&D activities for LEGEND-1000 had
begun in 2021 in the context of the DOE portfolio review. From 2021 to 2025, a
total of 8 to 9 million euros had been invested in German R&D activities, which
had been included as part of the total infrastructure costs (but only once in the
overall life cycle cost planning). In the course of the revision of the documents,



these costs for past R&D activities were no longer listed in the revised financial
tables, which begin in 2026.

With regard to the fact that the proposed organisational structure and
governance had been assessed as not being robust, a new detailed overview of
the planned structure has been submitted. At the same time, it has been made
clear that this structure distinguishes between executive project management,
scientific governance and funding oversight, and follows established models for
large-scale particle physics projects. It had been developed in alignment with the
governance and project-management requirements of the major funding
agencies. Basically, it consists of three parts: 1) the RRB, composed of funding-
agency representatives and providing oversight and strategic coordination, 2)
the CPO, led by the managing director as the primary executive lead and four
(rather than three, as previously planned) project directors and their deputies,
responsible for integrated project execution and reports to the RRB, and 3) the
scientific collaboration, led by the spokespersons and supported by the IB and
Executive Board, governing scientific matters. Against this backdrop, a clear
separation between funding agencies and executive management has been
emphasised, making it clear that a different structure had been developed for
LEGEND-1000 than for LEGEND-200. Transparent appointment procedures are
ensured by nomination and approval procedures, the managing director of the
CPO Dbeing nominated from among the project directors by the LEGEND
collaboration Steering Committee and approved by the collaboration IB and the
RRB.

In the revised documents an updated WBS has also been included — with
designated WBS leads and the responsible institutions. Regarding the
recommendation to early clarify the procedural steps that may be necessary for
the approval of construction measures in the LNGS halls, it has been explained
that the first part of the TDR had been submitted to the LNGS, constituting the
basis for INFN funding approval. The second part of the TDR has been planned
for submission in the third quarter of 2026, expecting formal approval by INFN
in the fourth quarter of 2026, with corresponding INFN funding anticipated
from 2027 onward. Furthermore, it has been clarified that regional Italian
funding for key infrastructure components, including the water tank and
associated auxiliary systems, is expected in the third quarter of 2026. The LNGS
site had been currently scheduled to be ready for installation of the
LEGEND-1000 infrastructure at the beginning of 2027.

In the assessment of the sustainable planning of the RI throughout its entire life
cycle it had been stated that no information was given regarding the
deconstruction of the experimental structures. In response to that, it has been
clarified that the high-value components were planned to be recovered and
reused at the end of the experiment wherever technically feasible. It has been
pointed out that the enriched germanium detectors could be reused without loss
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of performance, as the material does not deteriorate over time. Given that the
enrichment and detector production represent the largest material investment
of the experiment, this approach is intended to ensure long-term preservation
of resources. In addition, major components such as steel support structures,
mechanical infrastructure, and cryogenic systems could be dismantled and
recycled using established industrial procedures. Materials that cannot be
reused were planned to be recycled or disposed of in accordance with applicable
regulations and the environmental management framework of the LNGS.

To improve the transparency of the relevant risks, a complete risk register for
the project has been provided in response to the respective recommendation of
the assessment. It has been explained that the overall risk management
framework is based on DOE and NSF standards, defining established processes
for risk identification, evaluation, mitigation, risk owner and risk retirement.
The largest risk identified is the shortage of natural germanium, caused by
China’s export controls.

The documents have been revised, taking into account an inflation rate of 3%
for all phases. It has been clarified that for the operation phase, a constant
annual funding level has been assumed, reflecting the fact that approximately
95% of the operational costs are covered through in-kind contributions.
Regarding the operating and dismantling risks, it has been stated that, based on
experience from GERDA and LEGEND-200, no substantial technical or
environmental risks are anticipated during the operation phase and that no
hazardous or chemically dangerous substances are involved that would pose
significant risks during the dismantling phase.



Updates to budget planning

Table 2: Key figures from the revised budget plan of LEGEND-1000 as of February 2026, in euros.
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Financial Remaining
i i
German Share . Funding Total Costs German Share
. Contributions of Expected . . . . .
Total Costs* (incl. partner ) Required Risks Including Indexing  (incl. partner
N the responsible Proceeds C e s . e el .
institutions)* e (prioritisation and Risks institutions)**
institutions
process)
Total Project 505.48 m 108.29 m 33.60 m from MPIK, 33.16 m 36.92 m 45.03 m 700.73 m 139.88 m
Duration 17.99 m from TUM
[2026-2048]
. 329.87 m 69.49 m 15.60 m from MPIK, n/a 36.92m 44.80 m 432.34m 80.44 m
Installation Phase
7.99 m from TUM
[2026-2039]
Operation Phase 174.17 m 38.11m 1228 m ;rom _I\r/IUP'\I/IK, 33.00 m - 230.00 k 265.62 m 58.10 m
[2033-2047] -08 m from
1.44 m 700.00 k 700.00 k from MPIK 160.00 k - - 2.76 m 1.34 m

Dismantling Phase
[2048]

* Without indexing and risks.
** Including indexing and risks.
Source: Revised documents submitted as part of the individual evaluation of LEGEND-1000.
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The budget plan for LEGEND-1000 has been updated, with the total costs of the
entire project rising from 457.52 million euros in the draft proposal phase to
505.48 million euros without indexing and risks (table 1)

It has been pointed out that for NSF and DOE, the requested budgets are higher
than the values listed in the budget planning as they include indexing as well as
overhead and contingency to account for cost uncertainties and risks.

As a result of the ‘Delayed USA funding scenario’ becoming the new baseline for
budget planning, the German share has been increased and the amount
requested in the prioritisation process has risen to 36.92 million euros — by
about 12% — during the installation phase, for which 329.87 million euros are
calculated in total (compared to 326.22 million euros in the draft proposal).
While some costs were reduced compared to the budget presented in 2024, the
hardware costs increased from 187 million euros to 214 million euros, mainly
due to the increase of the germanium costs, according to the responsible
institutions.

The total costs for the operation phase, originally budgeted with 130 million
euros, are now estimated at 174.17 million euros. In this context, the costs for
the personnel required to analyse the data account for by far the largest share.
95% of the costs in the operation phase are covered by in-kind contributions and
the LEGEND collaboration assumes that every institution will be able to deliver
the required staff for the analysis. As the analysis tasks are a collaboration-wide
effort, contributions can be shifted among the institutions.

The costs for dismantling at 1.44 million euros remain at a low level for the RI
and will be covered by MPIK and INFN in equal parts. Slight adjustments have
been made to the proceeds expected when selling the germanium detectors at
the end of operation which are expected to amount to 33.16 million euros (330
detectors with a value of 100-200 thousand euros per piece) in the revised
budget planning, compared to 35 million euros in the draft proposal documents.

Risks during the installation phase are budgeted for 44.8 million euros in the
revised planning, compared to 25 million euros in the draft proposal phase. The
most relevant financial and schedule risks are related to the procurement of
enriched germanium and the UAr. This is mostly caused by the uncertain supply
of natural germanium due to export controls by China, but also by the uncertain
supply chain for the enriched germanium itself.

Including indexing and risks, the total costs of the project would amount to
700.73 million euros.



B. Report of the Individual
Evaluation 2026

B.l SIGNIFICANCE

The Large Enriched Germanium Experiment for Neutrinoless Double Beta Decay
(LEGEND-1000) is a major international project with the primary goal to search
for neutrinoless double beta decay (0vf33) of germanium-76 (*Ge). The discovery
of this decay would demonstrate that neutrinos are their own antiparticles
(Majorana particles) and possibly shed light on the still open fundamental
question of the matter-antimatter asymmetry in the universe. Moreover, it
would establish lepton number violation, constrain models of neutrino mass
generation, and provide a possible explanation of the baryon asymmetry of the
universe through leptogenesis. Given this significance, the search for
neutrinoless double beta decay is a central and high-ranking objective in nuclear
and particle physics, astroparticle physics, and cosmology, underpinned by a
number of international strategies and roadmaps such as the European
Astroparticle Physics Strategy 2022-2026 by the APPEC, the 2018 Statement by
the KAT, and the 2023 Long Range Plan for Nuclear Science by the NSAC. There
are several large-scale experiments currently in operation or planned in Europe,
North America, and Asia, which are complementary in some respects. Among
these experiments, which are using different isotopes, background reduction
and detector technologies, LEGEND-1000 is the only next-generation experiment
that will reach a half-life discovery sensitivity beyond 10*® years, and thus has
one of the best chances of success in the global neutrinoless double beta decay
community, bringing together the expertise and the proven concepts of the
previous major experiments GERDA and MAJORANA. The DOE gave priority to
the project in its portfolio review in 2021 over competing projects like nEXO and
CUPID.

LEGEND-1000 is considered a benchmark experiment; it aims to achieve an
unprecedented level of sensitivity from its tonne-scale mass of germanium
detectors enriched in the isotope "°Ge combined with ultra-low background
levels and an excellent energy resolution. Compared to other elements, "°Ge
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provides high detection sensitivity, even for a small number of signal events. The
RIs background strategy is deemed convincing: It consists of a neutron
moderator made of PMMA, reducing the isotope production in the innermost
part of the experiment, clean and scintillation materials, and underground
argon as an active veto. To enhance signal quality, an ASIC-based front-end will
be put in place. Multidetector data acquisition and Al-based tools are planned to
be used for analysis. There is a significant improvement in background level:
Compared to the predecessor experiment LEGEND-200, the total background
counts within the Region of Interest (ROI) over the entire data-taking period will
be reduced by more than one order of magnitude in LEGEND-1000.

While LEGEND-1000 is primarily designed to make the first ever detection of
neutrinoless double beta decay, its substantial increase in sensitivity will also
enable the search for (and study of) various secondary research
objectives/questions. These include neutrino physics and astrophysics, the
search for several types of dark matter candidates and other beyond the
Standard Model particles and phenomena.

German institutions are making significant contributions to various key
components and technologies for LEGEND-1000 as a major international
experiment with the potential for a breakthrough discovery. This participation
is therefore well placed to strengthen Germany’s visibility and competitiveness
within the global research community in the relevant fields. Germany’s world-
leading expertise in germanium-based detector technologies and experimental
neutrino and astroparticle physics, as demonstrated through major
international projects in fundamental physics research (e.g. GERDA, Karlsruhe
Tritium Neutrino [KATRIN] experiment), provides a solid foundation for this
endeavour. The participation in LEGEND-1000 offers a unique opportunity to
consolidate and further expand this role. It will help position German groups at
the forefront of key technological and methodological developments that are
part of LEGEND-1000.

The broad portfolio of the RIs physics programme and opportunities for students
and early-career researchers make LEGEND-1000 an attractive option for
academic work: Through internships, trainings, and Bachelor’s or Master’s
theses, students can acquire valuable practical skills and methodological
competencies, including the ability to work effectively within international
research teams. The measurements taken as part of the project also offer a wide-
ranging portfolio of PhD opportunities. As they are of great interest for different
topics, the data provides material for the study and thesis work of many students
and researchers in the next decades. These factors generally enhance the appeal
of this field of research to students and early-career researchers. The scalability
of the RI implies that data will be available in an early phase of the detector
construction well in advance of its completion.



In addition, the location and the excellent working conditions of the LNGS as
host laboratory can help to enhance Europe’s appeal to international students
and researchers. At the same time, LEGEND-1000 provides an opportunity to
strengthen Europe as a location for research and innovation by intensifying
collaboration between institutions (in science, industry and society) and
fostering partnerships.

With regard to its complex experimental design, LEGEND-1000 is expected to
advance the development of ultra-sensitive detectors, cryogenic systems, and
low-radiation materials. Given numerous potential applications in fields such as
environmental monitoring, radiation detection, medical imaging, as well as
quantum computing, this also opens up promising opportunities for industry
partners, with a number of German and European companies already involved
in the development and installation of the RI (B.III).

Overall, given its anticipated scientific and technological impact and the insights
it is expected to yield, LEGEND-1000 is regarded as a project of great significance
for the broader particle physics and nuclear physics research communities.
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B.II SCIENTIFIC PLANNINGS

1.1 Scientific Potential

Following the completion of the Standard Model in the 1970s and decades of
successful experimental verification, the frontier of fundamental physics now
lies in the search for phenomena beyond its established framework. It is in this
domain that truly transformative discoveries may be found, and LEGEND-1000
is deemed to hold significant promise to advance this pursuit. The RIs scientific
potential is regarded as outstanding due to its unique combination of high-
resolution detectors that operate at ultra-low background and provide an
unprecedented level of sensitivity to various types of dark matter and signals of
physics beyond the Standard Model. LEGEND-1000’s primary goal — the detection
of neutrinoless double beta decay — could occur anywhere within the unexplored
territory and would represent an exceptional scientific breakthrough. With its
active and passive background reduction measures, the RI can operate in a
regime where observing just a few decays could yield conclusive evidence and
lead to discovery. Detecting this process would shed light on the fundamental
properties of neutrinos, including their mass; by showing that neutrinos are
their own antiparticles, the discovery would provide answers to the question of
the matter-antimatter asymmetry in the universe.

In addition to its primary objective of discovering neutrinoless double beta
decay, LEGEND-1000 pursues a set of ambitious secondary goals that are broad
in scope and demonstrate significant scientific impact as the RI will search for
various new physics channels. These include neutrino physics (such as solar
neutrinos, supernova neutrinos, and pre-supernova neutrinos), the search for
dark matter (e.g. thermal weakly interacting massive particles [WIMPs], solar
axions, bosonic dark matter, composite dark matter, and sterile neutrinos) and
other beyond the Standard Model phenomena (e.g. Majoron emission,
fractionally charged particles, electron decay, Lorentz invariance violation, and
others). Although none of these targets is driving the design, costs, or schedule
of LEGEND-1000, the large step in sensitivity opens up possibilities for research
into these secondary science goals as the data can be used for corresponding
analyses, and ancillary searches. These benchmark measurements are of
outstanding interest to the research community and are expected to generate
substantial research opportunities, providing the foundation for numerous
doctoral dissertations in various fields over the next two decades. The
anticipated experimental outcomes are poised to attract significant interest
from a broad spectrum of the physics research community, encompassing
particle and nuclear physics, astrophysics, cosmology, and dark matter searches,
thereby fostering valuable interdisciplinary and transdisciplinary collaboration
across these fields.



LEGEND-1000 is designed to set the standards for the field in sensitivity, by
combining higher event rates (fivefold increase with respect to LEGEND-200)
with significantly lower backgrounds, leading to much higher discovery reach
for neutrinoless double beta decay searches and beyond. The RI offers
substantial scientific value, yielding significant insights into related phenomena
even in the absence of a signal. At full scale, LEGEND-1000 represents a major
advancement in the field; the targeted enhancement in sensitivity promises to
deliver transformative insights for the broader particle physics and nuclear
physics research communities. LEGEND-1000 employs instrumentation of
outstanding quality, building upon the well-established technological
foundation of LEGEND-200, while incorporating further refinements that reflect
the continued maturation of the underlying technology.

The design of the RI is particularly distinguished by its scalability. Given the
uncertainties surrounding the funding bodies, this adaptability is an invaluable
advantage. The new baseline scenario involves the initial procurement of
approximately 600 kg of enriched germanium. Even with 60% of the target
mass, LEGEND-1000 would be unparalleled on a global scale.

However, this approach is a mitigation strategy for the unforeseen obstacles to
the project. The experiment’s design and the funding application are based on
the premise of 1000 kg of germanium detectors. This should remain the target
even as the project implements a staged deployment of the detectors. Regardless
of other developments such as material recovery strategies, the detector
architecture and performance targets remain unchanged. From the scientific
perspective on implementation, a partial operation of the experiment with a
reduced number of germanium detectors could be compensated for by
extending the operation phase. However, a reduced detector mass of 600 kg
would require proportionally longer operation to achieve equivalent exposure
(assuming background levels remain constant), which is not desirable.

1.2 Scientific Utilisation

LEGEND-1000 will provide processed, analysis-ready datasets (rather than raw
data) to the broader scientific community for subsequent research endeavours.
Its core user group consists of collaboration members who operate the RI and
extends to researchers who work with the data generated. According to an open
data policy, it is planned to release the collected data after a two-year embargo
period, during which only collaboration members will have full access, with
restricted access for approved external users. The planned RDM for
LEGEND-1000 builds upon the preparatory work developed for LEGEND-200. A
dedicated expert team will manage the generated data, with senior investigators
responsible for data accuracy and integrity.

The release of data following a two-year embargo period can be seen as a new
step forward for astroparticle physics and as an opportunity to catch up to other
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fields in terms of data sharing. As making data available poses challenges,
particularly for projects of this scale, this would be an important development
for the field. LEGEND-1000 could potentially contribute to setting new standards
for openness in data handling.

As RI, LEGEND-1000 is distinguished by numerous potential outcomes as well as
its applications for other purposes, for example regarding its auxiliary systems,
such as ultra-low background screening stations. Screening facilities will be
initially used for LEGEND-1000 but are afterwards available to benefit the
community. The MPIK offers screening at the LNGS, and within the framework
of this proposal, three new screening stations are planned to be built at DZA.
They will be managed by the Technical University Dresden as a user facility and
will offer support for researchers working on low-background materials across
various fields.

In addition, the RI offers specialised facilities for the measurement of ultra-trace
amounts of stable and unstable elements, analysis of material properties, and
testing of cryogenic electronics and light sensors. Companies will have the
opportunity to participate in collaborative research projects and access
specialised services, including cryogenic testing and high-purity material
analysis, for which they will be charged a fee.

As the overall LEGEND-1000 design comprises multiple detector systems, it
provides a large amount of information for each event. To make full use of this
capability, the data acquisition system will be flexible to trigger on different
combinations of signals from the germanium detector system and the argon and
water instrumentation, to maximize the physics capabilities.

Plans for data management are laid out in the documents, but are considered
still too general in many areas. It is recommended to develop a comprehensive
data management plan at an early stage, including clear provisions for data
protection and a more detailed strategy for data accessibility, potentially
adopting tiered access levels similar to CERN’s model as a reference
framework. |'© The link to the FAIR principles is established and their
application is affirmed; however, it would be desirable for the data management
plan to be even more specific as to where each of the four elements — findable,
accessible, interoperable and reusable — is to be ensured, to what extent or in
what case-specific variation, and through which measures.

Furthermore, lessons learned from RDM practices in LEGEND-200 should be
systematically reviewed and applied to LEGEND-1000 to ensure continuity and
improvement.

| 10 Cf. https://opendata.cern.ch/docs/cern-open-data-policy-for-lnc-experiments


https://opendata.cern.ch/docs/cern-open-data-policy-for-lhc-experiments

1.3 Implementation from a Scientific Perspective

The host laboratory plays a critical role in the successful implementation of the
experiment. The project team has demonstrated a productive collaboration with
the LNGS through their joint work on GERDA and LEGEND-200, which
establishes a solid basis for LEGEND-1000. The laboratory’s management and
technical staff possess extensive experience in experiment setup, logistics
management, and operational oversight of comparable large-scale projects. The
availability of on-site technical and scientific support groups during the
construction phase will facilitate the timely resolution of routine operational
issues, ensuring smooth integration into standard laboratory procedures. The
LNGS scientific advisory committee also offers advice or reports critical aspects
of the interaction with the laboratory. Moreover, a member of the LEGEND-1000
project team is permanently based at Gran Sasso to oversee the installation of
the experiment. The laboratory currently has capacity for three major cryogenic
experiments (DarkSide-20k, LEGEND-1000, and one additional experiment) and
has invested in a new cryogenic plant for liquid helium and liquid nitrogen
production. The LNGS has indicated that the project timeline for the setup at
the laboratory remains stable even in the event of funding delays, demonstrating
strong institutional commitment.

Given the experience from GERDA, MAJORANA and LEGEND-200, the
groundwork has already been accomplished. It is convincingly illustrated how
LEGEND-200 serves as a technology demonstrator in the development of
LEGEND-1000 and provides substantial validation for the project and its
premises. Nevertheless, some further R&D work is still required, given the
Technology Readiness Level (TRL) status of 13 principal LEGEND-1000
subsystems with a TRL of 5 or 4, the front-end electronics with a TRL of only of
3. The key components of the project have already been assigned high TRLs. The
project team is working on ways to optimise critical components and processes.
The cryogenic infrastructure will be constructed with capabilities for purifying
both underground and atmospheric argon. The lock system is a critical
mechanism that will be used to lower the strings of germanium detectors into
the liquid argon. Keeping the purity of the argon and mitigating contamination
risks are major points of attention. While underground argon sourced from the
Argon Extraction Facility in Colorado constitutes the baseline design, alternative
approaches utilising active shielding with high-purity plastics, scintillation, and
wavelength-shifting materials are being explored through ongoing prototype
development as backup solutions. The strategy for germanium procurement and
the production chain for enriched germanium detectors, from isotope
enrichment through crystal growth to diode fabrication, remains the baseline
approach. For the new design of an ultra-large-mass germanium detector, a
patent has been filed by a LEGEND-1000 collaborator.
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Most of the project’s analysis routines were developed building upon the well-
established analysis chains of GERDA and MAJORANA; however, the
incorporation of Al has shown promise at multiple stages. In particular, with
machine-learning methods AI can be trained to distinguish pulse-shape
signatures of signal events from background events, improving event
classification.

Regarding the flexibility of the RI, the installation is critical for the time scale.
If the initial five-year phase proceeds as planned, the project is expected to be
established on a secure footing thereafter.



B.II1 CONTRIBUTIONS AND PLANNINGS FOR INNOVATION AND TRANSFER

1.1 Contributions to Strengthening Germany as a Location for Innovation and Industry
in Europe

As second-largest contributor after the USA, Germany plays a central role in the
development and realisation of LEGEND-1000, contributing to several key areas
of the project regarding technologies and components. The responsibilities of
the German partners of the LEGEND collaboration | '" include the procurement
of germanium, the design, fabrication, characterisation, assembly, and
integration of the detectors, the inner liquid argon instrumentation, the argon
cryostat, the water Cherenkov detector system, the clean room infrastructure,
clean materials, material screening, the ASIC-based front-end electronics data
acquisition system, as well as simulation and data analysis. These
responsibilities reflect the strengths of the contributing institutions, which have
significant experience in their respective fields and were already partly involved
in the previous GERDA experiment. With LEGEND-1000, it is expected that the
existing capacities will be further expanded, contributing to strengthening
Germany’s position with regard to the fields that are central for the RI.

In addition to that, it is acknowledged that various German industrial partners
are also involved in this context, covering items like the design and construction
of pressure equipment such as the cryostat, the delivery and processing of
germanium as well as the construction of the clean-room facilities. Further
contributions from other European industry partners include the enrichment of
germanium, germanium crystal growth, the conversion of crystals into
germanium detectors as well as the construction of major infrastructure
components such as the water tank, steel support structure and cryogenic
infrastructure. It is seen as a positive sign that industry partners have been
involved from an early stage in the design phase of the project, as this provides
a solid foundation for the realisation of LEGEND-1000 and enables ongoing
improvements to the design of the respective items. For this stage of the project,
the targeted involvement of industry partners from Germany and Europe is
considered to be well established, combining the strengths of academic actors
with industry-related institutes and industry partners.

In terms of innovation, transfer interactions are mostly expected in relation to
the development and installation phases, given the specific focus of the RI on
the search for neutrinoless double beta decay of °Ge and addressing key ques-
tions in particle physics, astrophysics and cosmology; during the operation
phase, collecting and releasing data will be the main focus. Using Al techniques

| 11 These are - besides MPIK and TUM: University of Tiibingen, Dresden University of Technology, Leibniz-
Institut fur Kristallziichtung Berlin, Leibniz Institute of Polymer Research Dresden, Hochschule Rhein-Main -
University of Applied Sciences and Arts, Hochschule Karlsruhe - University of Applied Sciences.
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for the analysis of the dataset will train and upskill students, postdoctoral re-
searchers and scientists, many of whom will go on to work in industry.

With regard to the infrastructure components, the project’s potential
contributions to the development of cryogenic electronics are considered to be
of particular interest. The use of electronics at very low temperatures as required
in the experiment, operating at cryogenic temperatures in liquid argon, is
crucial for a wide range of devices and quantum systems. Efforts in this regard
could be stepped up even further. Other relevant topics include spin qubits using
ultra-pure germanium, (ultra-)clean materials (plastics in particular), and
applications related to the development of the new detector concept, patented
within the LEGEND collaboration. The entirely new design of germanium
detectors has the potential to benefit many different areas, spanning
environmental and reactor monitoring as well as medical applications. The
range of radiopure materials for the reduction and rejection of background
events that LEGEND-1000 is developing has potential for applications in
quantum computing but also nuclear safety, medical imaging and radiation
detection. Similarly, the screening which LEGEND-1000 will perform in high-
precision to detect trace levels of radioactive contamination is deemed
important for applications in these contexts. Further innovative developments
are expected in relation to the establishment of the planned recycling flow for
depleted germanium, which could be of particular interest to industry, as
evidenced by already existing collaborations in this context. Overall,
LEGEND-1000 is to be expected to contribute to Germany’s leading role in key
areas such as germanium technology, crystal growth and electronics,
strengthening its competitiveness and attractiveness through a major
international project.

With regard to industry stakeholders, access is intended via collaborative
research projects and fee-based services, such as cryogenic testing and high-
purity material analysis. Past experience suggests a growing demand for trace
analysis and high-purity materials and consideration should be given as well to
other potential areas of application; evolving industry demands should be
monitored closely to ensure that the range of services offered can be developed
accordingly. In this context, it is recommended to further develop the strategy
for collaboration with industry and commerce, taking particular account of
intellectual property issues as part of a dedicated effort to promote technology
transfer and spin-off activities. Given the close involvement of various high-tech
industries, as well as promising opportunities for students and early-career
researchers to actively participate in the project at an early stage, it is expected
that LEGEND-1000 will contribute to strengthening the attractiveness and
competitiveness of Germany and Europe in future-oriented fields.



[1l.2  Contributions to Sovereignty, Resilience, and Agency of the Government

LEGEND-1000 is in a position to contribute to Germany’s and Europe’s
sovereignty and resilience due to its handling of uncertain supply chains and
technical developments with potential applications in security-related domains
and critical infrastructures. In this context, the newly developed approach for
the establishment of an end-to-end germanium supply chain for LEGEND-1000
is of particular relevance. Since China — accounting for the majority of the global
germanium production — introduced export controls on germanium in 2023 due
to its status as dual-use item, the availability of this rare material has
significantly decreased. This situation poses a major challenge for the project, as
the material is crucial for its successful realisation. Against this backdrop, the
approach regarding the procurement of germanium has been modified by
reusing the depleted germanium, which results as a by-product from the
enrichment of germanium to produce Ge. In the past, this material, which
accounts for 80% of the output material from the enrichment process, had no
economic value and was usually disposed of almost entirely. Under the current
circumstances, the plan now is to recycle the depleted material and return it
into the market in exchange for natural germanium, which is still required for
the enrichment process. LEGEND-1000’s approach to closing the loop, based on
proven processes in collaboration with companies in this sector, is regarded as a
significant contribution to sovereignty and resilience, as it reduces dependencies
on other supply chains. Due to the importance of germanium in fields such as
quantum computing, radiation detection, and medical technologies, the most
effective use of this material is crucial to the future ability of Germany and
Europe to act in critical domains. LEGEND-1000 is therefore strongly encouraged
to continue exploring the opportunities associated with the recycling process,
whose relevance is considered to extend far beyond the scope of the project
itself.

In terms of technical developments, LEGEND-1000 further offers the potential
for various applications in critical domains, including environmental
monitoring, radiation detection, medical imaging, as well as quantum
computing, contributing to public safety, public health, as well as technological
sovereignty and leadership in security-related domains. The development of
cryogenic ASICs and cryogenic control electronics is of great importance to the
industrial supply chain in the field of quantum computing. In view of the
project’s significance for security-related fields, it is recommended to examine
the extent to which knowledge and cyber security can be further improved and
adapted over time as circumstances and requirements may change. Given the
number of institutions and actors involved in the collaboration, this presents a
major challenge that needs to be properly addressed.
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1.3  Concept for Achieving Societal Impact

LEGEND-1000’s contributions to the solution of grand societal challenges are
related to both the RIs instrumentation as well as the collaboration itself.
Technologies and components developed for the project are considered to be
promising with regard to various applications in fields that are important for
sustainable development in line with the UN’s SDGs. Moreover, they can
contribute to technological spin-offs that may benefit society directly or
indirectly. The capacity to analyse trace elements at lowest concentrations
benefits environmental monitoring, radiation detection and medical imaging.
Furthermore, the development of new technologies and processes related to the
establishment of a recycling flow for germanium contributes to the sustainable
use of resources, protecting the environment. In a broader sense, the
international teamwork within the LEGEND collaboration helps to strengthen
global partnerships, building on and further expanding established
relationships even in challenging times.

In terms of cooperation with civil society, LEGEND-1000 pursues an approach
that is regarded as well structured. Even before the implementation of the RI,
the collaboration offers a wide range of outreach activities, aiming at social
actors of a wider public. These activities attract considerable interest from
different target groups. They are based on existing programmes offered by the
individual partner institutions (e.g. in Germany MPIK and TUM), and by the
LNGS, including formats such as school visits, workshops, lectures, open days,
summer camps, art exhibitions and on-site tours. The importance of these
efforts is also reflected in the collaboration’s organisational structure, with a
dedicated Education & Outreach Manager. The diversity of the mentioned
activities, which address a wide range of different actors, is viewed very
positively, and the collaboration is encouraged to continue along this path and
to regularly review the programs, in order to further develop them over time
according to changing priorities.

Through its structured approach to outreach and education, LEGEND-1000 is in
a position to contribute to social innovation and transformation. The project
offers students and early-career researchers the opportunity to engage in a major
international collaboration, gaining valuable insights into scientific cooperation
and participating in the development of new technologies. In addition, the
educational and outreach activities of LEGEND-1000 and the LNGS contribute to
the promotion of science, technology, engineering, and mathematics (STEM)
education and scientific literacy. Although direct societal impacts are inherently
difficult to quantify for fundamental research of this kind, LEGEND-1000 is
expected to deliver lasting value through the training of students and hands-on
research experience for early-career researchers as well as international
knowledge exchange.



Ultimately, the successful detection of neutrinoless double beta decay could be
a huge step towards answering existential questions regarding the origin of
matter or what the universe is made of. This fundamental insight would not
only push the boundaries of human knowledge but also demonstrate the value
of curiosity-driven research and could inspire future generations of scientists
and engineers.
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B.IV FUNDING CONCEPT, ORGANISATION, AND RISK MANAGEMENT

V.1 Budget Planning

The revised budget planning of LEGEND-1000 covers the most significant aspects
and figures, and is considered to be technically and financially plausible: The
cost magnitudes, identification of major cost drivers and technical assumptions
appear to be appropriate and sound. The project presents a structured and
increasingly mature cost and risk framework with an evolved approach to risk
quantification. The costs are transparently broken down, with each item clearly
allocated to installation and operation of the RI. The duration of the phases and
the overlap of the installation and the operation phases (as laid out in the new
baseline scenario) are explained convincingly. Inflation is included at 3%;
schedule delays are included in the risk register, however, schedule-driven cost
escalation should be fully integrated in the budget plan. The dominant cost
driver — the enriched germanium detectors, accounting for about 80% of the
installation costs — is explicitly identified and justified. The benchmarking from
LEGEND-200 and predecessor experiments contribute to making the cost model
overall credible and technically grounded.

The costs of the installation phase (without indexing and risks) are estimated at
329.87 million euros, and are to be funded by the partners USA (DOE and NSF),
Germany, Italy (INFN), Switzerland (SNF), UK (STFC) and Poland (Ministry of
Science and Higher Education, and NSC). The German share amounts to
69.49 million euros of which 36.92 million euros are being requested from the
BMFTR as part of the prioritisation process. With 65% of the installation costs,
the USA accounts for the lion’s share, followed by Germany with 21%. Italy
would contribute 9%, Switzerland and the UK 2% each, and Poland 1%. The
largest expense during the installation phase are the germanium detectors, at
171.13 million euros (80% of all instrument costs). Regarding the total costs
during the operation phase, the USA share is 50%, while 22% will be covered by
the German partners and 28% by the other European partners. The costs for
dismantling at 1.44 million euros will be covered by Germany (MPIK) and Italy
in equal parts.

The risk mitigation strategy in view of expected delays in DOE funding follows
a staged deployment approach. This delayed USA funding scenario is the new
baseline for the project. The project team expects that the European funding
combined with NSF support enables the procurement of enriched germanium,
which is sufficient to initiate the enrichment process for approximately 600 kg
germanium detectors (including LEGEND-200 detectors). The remaining DOE
contribution of roughly 400 kg of germanium detectors is planned to be
deployed in a staged approach. The plan is to seamlessly integrate additional
detectors as soon as further funding becomes available, until the experiment’s
full discovery potential has been realised. This strategy appears convincing, as it



minimises the impact of potential delays on the overall project and allows for
an early start of germanium enrichment, detector production and physics data
taking, with partial mass. Overall, the staged deployment approach provides
leeway and flexibility in the installation of the experiment. As a result, an
increased amount of funding for the germanium detectors is being requested as
part of the prioritisation process.

In the delayed funding scenario, a number of reallocations were made, which
demonstrate the flexibility within the project. The cryostat is funded by MPIK,
and the funding is fully secured, according to the project team. It is separated
into two compartments by the so-called re-entrant tube which was originally to
be funded by the DOE. The re-entrant tube is one of the infrastructure
components that is now being covered by the German partners who will take
over from the DOE scope.

LEGEND-1000 already has strong institutional backing, but this should be
further strengthened through commitments from additional partners. The
funding commitments made by the European partners are considered credible,
however not always fully formalised. A first MoU should be drawn up at the
earliest opportunity.

Yet, the budget planning is optimistic in terms of execution under uncertainty
and should be expanded. Further details and clarification are required regarding
the assumptions concerning the scaling of enrichment capacity and the pace of
deployment. Furthermore, the implicit assumption that an extension of
operations can compensate the installation cost constraints needs to be
substantiated in greater detail.

While costs are deemed realistic at baseline, the impact of key cost drivers
should be further quantified. LEGEND-1000 depends strongly on external supply
chains, including for underground argon and particularly for germanium
enrichment/detector production. The sensitivity of unit costs on Yyield,
enrichment efficiency, and vendor capacity should be reflected clearly in the
planning.

The most relevant financial and schedule risks are related to the procurement
of enriched germanium and the UAr, accounting for almost 90% of the total
hardware costs. Uncertainties arise mostly from the supply of natural
germanium (subject to export controls by China) and the supply chain for the
enriched germanium. As germanium is essential for the experiment, its
procurement has proved to be a major challenge for the project. The project
team has addressed this situation by also purchasing natural germanium and by
the idea of setting up a recycling flow for depleted germanium, returning it into
the market in exchange for natural germanium (B.III.2). The modified plans in
this context are recognised as a smart and economically viable solution that
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reduces dependence on external factors while also demonstrating the project
team’s ability to adapt.

Funding delays are expected to have consequences on the agreements with
suppliers, depending on their capacity. The enrichment of germanium depends
on the construction of a new enrichment cascade specifically for LEGEND-1000
and early funding is critical to guarantee the timely completion of this essential
component (as the enrichment is being the process with the longest lead time).
If additional funding is delayed or not yet committed, companies might
withdraw as they only have a certain amount of space to build the cascade and
might take in another customer. The project team’s plan to put a contract in
place with the vendors as soon as possible is therefore strongly encouraged.
Expanding their network of suppliers is regarded as a suitable safeguard to
improve resilience.

Contributions of the partners clearly underly a certain bandwagon effect. It is
recommended to specify and secure the funding at the earliest opportunity, e.g.
the in-kind contribution expected from INFN according to the proposal through
an MoU. The project team expects funding approvals to be a catalytic
commitment that will unlock the commitment of other funding agencies.

The revised planning assumes that, although funding from the DOE will be
delayed, it will ultimately be provided. This assumption appears justifiable in
light of the DOE’s strategy and priorities to date. The USA funding depends on
the political situation and is therefore subject to factors beyond the control of
the responsible institutions or the LEGEND collaboration. However, neutrinoless
double beta decay is considered a top priority in nuclear and (astro-)particle
physics. In the USA, the 2023 NSAC Long Range Plan for Nuclear Science gives
high priority to neutrinoless double beta decay experiments (A.l.1.a) and within
the DOE tonnescale neutrinoless double beta decay programme, LEGEND-1000
has been selected as the only project to proceed. LEGEND-1000 has completed
the CD-1 review awaiting formal approval in 2026 and the fact that the DOE
already invested 10 million dollars in the project indicates that LEGEND-1000 is
being supported — within the limits of available resources.

The project presents a credible and well-structured cost and risk framework that
significantly improved. A key advantage lies in the adaptability that the budget
planning and funding for LEGEND-1000 has. Funds can be reallocated, which
provides considerable flexibility. Should the scope of the project change, prior
approval from the funding bodies is required. However, financial robustness
relies heavily on flexibility mechanisms, particularly the staged deployment and
a potential extended operation, rather than fully secured contingency which
introduces residual uncertainty in long-term sustainability. A robust
contingency plan that defines scenarios and response mechanisms should be
introduced in addition to the existing cost and risk planning. The remaining key



challenge is the integration of cost, schedule, and risk into a coherent execution
model under realistic stress scenarios.

IV.2  Organisation and Management

LEGEND-1000’s management and organisational structure reflects the
multinational composition of the project, which is based on financial support
from several funding bodies. Its separation between roles, responsibilities and
oversight, especially between the scientific collaboration and the CPO, is clear
and convincing. Compared to LEGEND-200, the structure was adapted in view of
LEGEND-1000’s larger scale and its multi-agency environment as well as for
project control mechanisms. The roles and responsibilities within the
governance have been further refined and unambiguously assigned since the
submission of the draft proposal. LEGEND-1000 is aligned with international
project management standards; its interfaces and decision processes are
conceived as well-defined, e.g. the interface between the laboratory engineers at
LNGS and the collaboration seems well established.

The structure consists of three governance bodies: the Collaboration, the CPO
and the RRB; the division of responsibilities between these bodies as well as in
relation to the host laboratory LNGS (A.L.5) is plausible and appropriate. The
scientific governance lies in the LEGEND collaboration, responsible for the
physics programme and the scientific strategy. It defines the scientific goals and
priorities and nominates the managing director, who has to be approved by the
Collaboration IB and the RRB. The primary body responsible for overseeing the
construction of LEGEND-1000 is the CPO, led by the managing director — a
continuation of the structure that has proven its worth under LEGEND-200. The
design, construction and commissioning of the infrastructure is managed by the
CPO as a single integrated project, with its members ensuring that the scope,
schedule and budget are adhered to. By installing two project directors from
Europe (Italy and Germany) alongside two from the USA (representing the DOE
and the NSF funding stream), an important balance has been established within
the CPO as the adjustment reflects the contributions, in particular in the first
phase, more appropriately. The managing director occupies a central role within
the project, requiring a specific skill set that few candidates possess; the role
involves coordinating all project activities and bearing ultimate responsibility
for key decisions. The position, currently planned to be appointed from the DOE,
should similarly reflect the agency’s financial contribution. In general,
governance would benefit from this role rotating according to a pattern that
takes funding flows into account.

The structure enables informed decision-making from multiple perspectives. In
instances where conflicts arise between the scientific and managerial aspects of
the project, funding agencies will maintain oversight through their
participation in regular project meetings. Should disagreements persist among
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project leadership, the managing director retains the final decision-making
authority. Funding agency approval is required for decisions affecting key
performance parameters or matters exceeding established thresholds.

For advisory guidance from outside of the collaboration, the project relies on the
CPAB. Composed of senior experts experienced in large-scale scientific
infrastructure projects, it will serve in a complementary advisory capacity and
provide periodic, primarily technical recommendations on project planning,
technical integration, risk management, and related issues. The LNGS Scientific
Committee, which acts in an advisory capacity to the LNGS director, is dividing
its time to all experiments hosted at the laboratory as its mandate is focused on
interactions with the laboratory. Given this setup and the respective
responsibilities, it seems sensible to establish a separate international scientific
advisory board for LEGEND-1000 that regularly reviews the project.

Once the construction work for the experiment has been completed, the CPO’s
role will be scaled back, as its original purpose will be considered fulfilled by
that point. Responsibility for day-to-day scientific operations following the
commissioning has been entrusted to the LEGEND collaboration. It is
recommended to further develop the governance structure for the post-
installation phase to ensure sustained alignment with the project’s scientific
objectives, effective strategic oversight, and clear accountability.

The third body of governance, the RRB, is a suitable independent oversight body
including representatives of the contributing funding agencies. It is responsible
for the coordination of the funding agencies and approval of the managing
director (together with the IB). Rotating the position of chair of the RRB would
be a suitable way of ensuring a balanced approach and representation. Given the
large number of committees, regular exchanges between them are
recommended.

The capabilities of the host laboratory are considered strong, bolstered by its
extensive experience in the field. The LNGS provides the essential underground
infrastructure within its Hall C, the designated location of LEGEND-1000. The
laboratory’s role is clearly delineated from the project’s overall governance and
encompasses ensuring safety, site preparation, and the provision of the
operational environment and technical infrastructure. Another asset for the
project is the productive working relationship between its team and the
laboratory’s engineers, who actively contribute to solving problems, drawing on
the experience gained from GERDA and LEGEND-200.

The organisation is very well designed to align with the scientific goals and
management plan. The division of scope, the task assignments and
responsibilities are captured in the project’s very detailed WBS, with clearly
designated leads and responsible institutions. The personnel within the CPO,
who are physicists by training, along with the members of the collaboration, are



well-qualified and possess the necessary expertise for their designated
management responsibilities. Level 3 or level 2 managers are experts in the
design and construction of critical components who manage the WBS elements
and are appointed by the managing director after approval of the respective
project director. For these positions, formal job training is intended to be
installed when staff members are challenged and charged with new functions.

The project’s succession planning reveals a healthy pipeline of talent for
managerial roles. The transition to a younger generation of scientists is
demonstrably in progress, and qualified successors are ready to assume key
roles; the succession to the professorship at TUM has also been secured through
the involvement of the university. Continued focus on actively seeking out and
nurturing talent for future leadership roles will be critical, especially during the
first five years, to ensure long-term stability and the project’s sustained success.
To enhance its innovative capacity and broaden its perspectives, the project
should continue its positive trajectory and focused efforts to increase diversity
within the team.

Otherwise, the project team is well prepared and positioned at this stage of the
project with an extensive risk register and a fully staffed project office including
positions such as system engineer and project engineer. In terms of
implementation expertise, LEGEND-1000’s project team has a strong and
impressive track record and can draw on extensive experience in other large-
scale projects, notably LEGEND-200 as a particularly relevant reference.
Contributions and work allocation reflect each partner’s respective strengths,
while maintaining sufficient flexibility for reallocation as circumstances
require.

IV.3  Sustainable Planning

LEGEND-1000’s sustainable planning is characterised by the (rejuse of existing
infrastructures and components, contributing to the preservation of resources
in both ecological and economical respects. As the RI will be installed at the
location of the decommissioned Borexino experiment, no new buildings will be
required. It is planned to reuse major parts of the existing installation, including
the building structure (as the Big Building West), some parts of the clean room
facilities and possibly equipment such as the water re-circulation plant.
Furthermore, the project team points out that steel support structures,
mechanical infrastructure, and cryogenic systems can be recycled. The
components will be disposed of in accordance with regulations of the LNGS.

With regard to the instrumentation, it is intended to transfer the high-purity
germanium detectors currently used by LEGEND-200 to LEGEND-1000, provided
that no signal is detected before, which could fundamentally change the plans
based on the observations obtained. The detectors can be reused without any
loss of performance, which significantly improves the sustainability of
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LEGEND-1000 by reducing the need for new material. With completion of the
operation phase, the detectors will be removed, sold and therefore reintroduced
into the market.

As the availability of germanium has been substantially constrained given the
Chinese export controls, the project now prioritises the recycling of depleted
germanium, which emerges as a by-product from the enrichment process used
to produce *Ge. The previously discarded material will be systematically
recovered, processed, and reintroduced into the supply chain through exchange
for natural germanium (required for ongoing enrichment operations). Although
the recycling strategy was developed in response to the problematical access to
germanium, it also contributes to greater sustainability and responsible use of
resources. This approach converts waste streams into valuable input materials
whilst simultaneously mitigating disposal-related environmental impacts. As
the recycling process has been assigned a TRL of 4, further R&D work is still
required.

Overall, LEGEND-1000’s concrete plans and efforts regarding sustainability are
assessed positively, recommending that options for optimising the
environmental footprint continue to be evaluated and, where appropriate,
implemented through new measures.

IV.4  Risks

LEGEND-1000 proposes a comprehensive and methodically developed approach
to risk management. According to established DOE and NSF processes regarding
risk identification, evaluation, mitigation, risk ownership and risk retirement,
all relevant risks are systematically identified and documented in a risk register.
This register is maintained by the Oak Ridge National Laboratory and contains
more than 200 entries for identified risks, aggregated into key categories,
providing a solid foundation for risk management and mitigation.

The organisational chart provides for a dedicated risk manager, and regular
discussions on various risks with the relevant stakeholders are underway. It is
appreciated that the register is worked with actively and is continually updated
to reflect the current situation.

With regard to technical risks, the project benefits from LEGEND-200, which
effectively serves as platform for testing and validating different materials and
components planned to be implemented in LEGEND-1000. In this context, many
key components have already reached high TRLs which are considered to be
solid and not too optimistic. In terms of organisational risks, LEGEND-200 also
offers the opportunity to verify the suitability of established processes and
coordination in practice, for example with regard to the flexible reallocation of
resources and responsibilities. Therefore, LEGEND-1000 is in the position to



build on a strong foundation and draw on the experience it has gained for future
planning.

The largest risk identified by the project team is related to the processing of
germanium, as the procurement of natural germanium became more and more
challenging due to Chinese export controls, resulting in higher costs. This risk
is planned to be mitigated by the establishment of a germanium recycling flow
as well as an early procurement process that has already started. The recycling
of depleted germanium is an established chemical process and therefore
considered to be low risk. It became an economically viable option only recently.
Due to the dynamics regarding the availability and pricing for germanium, this
is deemed a feasible mitigation strategy.

Another major risk lies in the potential delay of the DOE construction funding,
a scenario that is taken as baseline assumption in the revised project planning.
The newly developed approach of a staged germanium detector deployment is
considered to be a good way to minimise the impact on the overall project,
preserving the schedule and enabling early physics results, while new detectors
can be integrated incrementally once DOE funding becomes available. In this
context, the risk budget includes reassignment of infrastructure components
originally foreseen within the DOE scope to NSF and European partners. Given
this situation, the proposed in-kind contributions of the INFN should be
delineated and committed through an MoU at the earliest stage in order to
reduce implementation risk (B.IV.1). Time-related implications must also be
taken into account with regard to argon production, particularly in terms of
coordination with DarkSide-20k in order to leverage the existing infrastructure
for the relevant processes. Risks related to the project’s schedule should be
addressed by fully propagating them into integrated cost-schedule scenarios to
avoid systematically underestimating total financial exposure. For example,
extended operation introduces additional risks including detector degradation
and sustained funding requirements that must be carefully evaluated against
the scientific timeline objectives.

Given the unstable situation, there is also an additional risk that the NSF funding
may be delayed in a similar way or, in the worst-case scenario, not granted at
all. The solution of starting with 600 kg germanium detectors to initiate the
process however assumes availability of NSF funding. The project team is
confident that there would be opportunities to acquire additional money in such
a scenario as committed partners could step in; also, the international partners
would need to cover more scope. Similar to the DOE funding situation, this risk,
too, depends on factors outside the realm of science.

The project team clearly recognises that there is a critical cluster of risks. This
includes germanium supply, enrichment and vendor capacity. The project’s risk
quantification approach, including Monte Carlo elements in parts of the
framework, is considered strong.
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Moreover, some key risks such as repeated system openings and industrial
capacity constraints are acknowledged qualitatively, but are not quantified. It is
recommended that risk planning be expanded to include a detailed
quantification of these factors.

As also pointed out in B.IV.1, the risk of dependence on one single supplier
company is planned to be reduced through diversification.

Overall, the experienced project team has identified to the best of their
knowledge the possible risks and has established the corresponding WBS item
to which each risk pertains. Likewise, it has assigned the ownership — in terms
of funding agency and responsible person — and estimated the probability
of occurrence and impact as well as the overall pre- and post-mitigation rating
to ensure that the project remains adaptable and feasible.



B.V MILESTONE PLANNING

The revised milestone plan for LEGEND-1000 comprises 76 milestones and
phases, grouped into Organisational, Construction and Infrastructure, Scientific,
Innovation and Transfer, Outreach as well as Further Project-Related Milestones.
Table 3 summarises the milestones that MPIK and TUM identified as critical.
Unless otherwise indicated, the stated year and quarter refer to the completion
of the respective activity.

LEGEND-1000 presents a clear and well-thought-out sequence of milestones that
takes into account the scenario of a delayed USA funding, ensuring the
robustness of the project planning. While the technical elements appear
challenging but feasible overall, particular attention is required for milestones
that are not fully under control of MPIK and TUM, especially with regard to
approvals and the availability of different funding sources.

Preparatory milestones mark key points on the timeline, starting with the
formation of the LEGEND collaboration in 2016. A Pre-Conceptual Design Report
(CDR) for LEGEND-1000 was released in 2021; one year later, LEGEND-200 was
started at LNGS as first phase of the project. A CDR was released in 2023, a first
part of the TDR regarding the infrastructures and facilities in 2025. The
documents mentioned are part of several approval processes relating to funding
and construction. In this context, the key milestones include important decision
points: In 2025, the DOE’s CD-1 Independent Project Review (IPR) was conducted,
with a final approval expected in the 2026, followed by the next stages up to
CD-4. For its final design phase, LEGEND-1000 already receives funding via the
NSF Major Research Equipment and Facilities Construction (MREFC) program,
with a final funding decision expected in 2027; funding from the INFN is
anticipated to be available for the same year. In terms of authorisation, the
second part of the TDR is planned to be submitted in 2026; the start of the
underground construction would be authorised with the approval by the LNGS
and a positive conclusion of the environmental impact analysis (VINCA), which
is expected for 2027.

The start for the enrichment of germanium as a long-time item will be marked
by signing the contract with the respective company for the construction of the
new 7*Ge-enrichment cascades for LEGEND-1000, planned for 2027. This item
illustrates the great importance of binding commitments and contracts with
various suppliers and companies, on which the schedule and the success of the
overall project depend. Therefore, it is recommended to maintain proactive
communication with all relevant actors and continue to explore further options
regarding individual items.

The installation of LEGEND-1000 is scheduled to begin in 2027, after the
dismantling of the former Borexino experiment, with some of its infrastructure

101



102

being reused. The first items will include the construction of the cryostat, the
water tank, the steel structure around the water tank and the clean room
facilities. After this, the installation of the cryogenics, the instrumentation of
the atmospheric argon, the lock system and the re-entrant tube will follow. By
filling the cryostat with atmospheric and underground argon as well as filling
the water tank, commissioning will be completed in 2032.

The start of operation is marked by the deployment of the first batch of
germanium detectors in 2033. Depending on the availability of funds from DOE,
three further batches are planned to follow, with the final deployment
scheduled for 2039. Due to this approach of a staged deployment, there will be
an overlap between the installation and operation phases, allowing for an early
start of physics data taking. Against the backdrop of potential delays in the
DOEFE’s funding of the germanium detectors, this approach appears to be an
adequate way to minimise the impact on the overall project and also to ensure
the flexibility required in this regard. Dismantling of LEGEND-1000 is planned
for 2048.

With regard to the schedule, the critical path is of particular importance. To
ensure that an activity does not unexpectedly become ‘critical’ during the
installation phase, it is important to monitor the fluctuation or variation range
of activities that are close to the critical path. With a comprehensive overview
that highlights all the relevant dependencies and the distances to the critical
path the project team will be able to react flexibly, for example by re-allocating
the respective elements.



Table 3: List of critical milestones for LEGEND-1000.

Year Quarter Milestone Category
2026 Q4 BMFTR funding available Organisational Milestones
2027 Q1 INFN funding available Organisational Milestones
2027 Q2 Environmental risk analysis authorised quther Project-Related
Milestones
2027 Q3 NSF MREFC approval Organisational Milestones
Construction of 7Ge enrichment cascades start  Construction and Infrastructure
2027 Q4 .
(contract) Milestones
2028 QA4 Installation of cryostat anstruct|on and Infrastructure
Milestones
Installation of water tank, steel structure and Construction and Infrastructure
2031 Q2 . X
clean room construction Milestones
Installation of cryogenics, atmospheric argon Construction and Infrastructure
2032 Q1 . . .
instrumentation, lock and re-entrant tube Milestones
Cryostat filled with atmospheric and Construction and Infrastructure
2032 Q2 -
underground argon Milestones
2032 Q4 Water filling and final commissioning anstructlon and Infrastructure
Milestones
Deployment and operation of first batch of Construction and Infrastructure
2033 Q2 -
detectors Milestones
2033 Q3 Start of physics data taking Scientific Milestones

Source: Revised documents submitted as part of the individual evaluation of LEGEND-1000.
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Appendix 1: Documents submitted by the MPIK and TUM 106
for LEGEND-1000

Documents submitted for the first phase of the prioritisation process:

_ Draft Proposal

_Addendum 01: Basic Information

_Addendum 02: Confirmation by the Supervisory Committees of the Leading
Responsible Institutions

_ Addendum 03: Letters of Intent of the Partner Institutions

_ Addendum 04: Overview of other RI mentioned in the Text

_ Addendum 05: Concept for Sustainable RI Planning

_ Addendum 06: Concept for Funding Innovation and Transfer and Cooperation
with Industry and Commerce, Science and Society

_ Addendum 07: Utilisation Concept (incl. Data Utilisation)

_Addendum 08: Scheduling (incl. Milestones)

_ Addendum 09: Budget Planning of Funds and Funding Concept across
the Entire RI Life Cycle

_Addendum 10: Organisational Structure and Governance

_ Addendum 11: Risk Analysis and Concept for Risk Management

Documents submitted for the individual evaluation:

_ Comments on the Assessment Results

_ Milestone Plan

_ Addendum 09: Budget Planning of Funds and Funding Concept across the
Entire RI Life Cycle (revised)

_ Complete Risk Table

_ Further Explanations of the Calculated Costs and Risks

_ Contextualisation within the National and International Research Landscape

_ Conceptual Design Report

_ Technical Design Report

_ Update on Technical Design Progress

_ Funding Situation and Delayed USA Funding Scenario

_ Organisational Structure and Governance
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