Single atom counting of live interstellar radionuclides in natural archives
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Live radioactivities — fingerprints of ongoing
nucleosynthesis from satellite observations

Superposition of the two 5°Fe emission lines image of the ga|axy in intensity of the
(1173 keV & 1333 keV) recorded on board 1.809 MeV y line of the 26Al decay
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Interstellar radionuclides constrain site of the r-process

~Hldd

production in massive stars : . p 2 16.6 Myr
Core collapse supernova = : SN

r-process production at
yet unknown site(s)
Neutron star merger ?

Number of
protons Z

Connect supernova %°Fe with nuclides
from r-process (e.g. 2*Pu & %4’Cm)
or potentially other scenarios (182Hf)

Avrtistic illustration, GSI Frankfurt
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Long Irved radronuclrdes ,,survrve“ Iong range transport
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Structured dynamic interstellar medium .

.-

. o r. i .
DRESDEN /7N

concept -
DPG 2025 Single atom counting of live interstellar radionuclides in natural archives




Suggested radionuclide candidates with Myr lifetimes

Supernova (S N)_rate |n our galaxy GEOLOGICAL ISOTOPE ANOMALIES AS SIGNATURES OF NEARBY SUPERNOVAE

JouN ELLIS
° 2 per ce ntu ry Theoretical Physics Division, CERN, G::ncva. Switzerland
T BriAN D. FIELDS
¢ 1 SN per 3 Myr Wlthln 100 pC () Earth - ) Department of Physics, University of Notre Dame, Notre Dame, IN 46556
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: Received 1995 June 15; accepted 1996 May 21

1OBe, ZGAI’
53\, 60Fe,
129|’ 182Hf’

244py 247Cm.

diameter: 40,000 pc (130,000 Lyr)
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Transport processes on Earth

- dust enters atmosphere & gets vaporized

- atoms attach to particles and get rained down
- deposition on ground or in ocean

- transport through ocean currents

- deposition in sediment or other marine ,archive”
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%Fe dust enters the atmosphereand is
nearly completely ablated /vaporized.

“Fe oscillates in north/south & east/west
winds as it descends throughatmosphere,

%OFe rains out of atmosphere to surface.

%l Highly soluble *°Fe is consumed by plankton
. and other ocean life,

* %OFe descends alonga "conveyor beit"
remainingin the same fluid element.

“0Fe reaches sample location and is incorporated
into sediment/Fe-Mn crust/magnetosomes.

Fry, Fields & Ellis 2016 DRESOEN F™N = m
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From the cosmos to the lab
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Technique: Accelerator Mass Spectrometry

v generate, transport and detect many ions of the isotope of interest
— efficiency typically 0.01-1%

v’ suppress molecular and atomic isobars
— efficiency typically >99.99999%

v’ essentially background-free detection at
concentrations of 10-%! at/g,

The classic AMS toolbox:

\ element selective negative ionization process
\ stripping process

\'mass selection with magnetic and electrostatic filters: isotope ratios in range 10-10 to 10-17
A single ion identification at increased beam energies: single atom counting
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AMS: examples of ®°Fe and 244Pu T

®0Fe

- big facilities (> 12 MV accelerator voltage) required to provide
sufficient isobar suppression at high ion beam energies

- particular efforts at the laboratories at Munich and Canberra

244Pu

- developments in the AMS community for environmental Pu detection T

- no isobaric interference
going for highest efficiency in particle transport at compact facilities

2411 kyr | 6561 kyr

Pu 239J Pu240 | P

Australian
jg- National

University

\ANSTO

Science. Ingenuity. Sustainability.
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Successful detection of 89Fe

VOLUME 93, NUMBER 17

PHYSICAL REVIEW LETTERS

week ending
22 OCTOBER 2004

#Fe Anomaly in a Deep-Sea Manganese Crust and Implications

E. Kn iﬂ,l G I{crrs-:rhlnek,l'* T anstsl:&rmzum,J E Al [Zh:rrﬁ,2 . Rugel,l'ﬂ' and A. Wallner'™

for a Nearby Supernova Source
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The °OFe peak: a continued success story

Co60 | Cob61

1649 h

52714 yr

Fe 59 | Fe 60
44,500 d 2.6 Myr
RESEARCH ARTICLE | PHYSICAL SCIENCES | @ fXine 2
L':TT':R Time-resolved 2-million-year-old supernova
i - ot et activity discovered in Earth’s microfossil
record
Recent near-Earth supernovae probed by global Peer Ludvi, Shann i5h0p . Rarmon sl Vlentyn Chernenko, Boyana Denev, Thomes Esesermann Nicoli
deposition of interstellar radioactive *°Fe ot G o oot e
G Rl . . o P SIS T Varmagata & 6. K. Whnkiogs o+ Hondar, U Linnemann® H. Matsuzakd’, 5 Merchel”

Letter | Published: 06 April 2016

The locations of recent supernovae near the Sun from
modelling %OFe transport

D. Breitschwerdt E, J. Feige, M. M. Schulreich, M. A. de. Avillez, C. Dettbarn & B. Fuchs

Nature 532, 73-76 (2016) | Cite this article
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Detection of ®°Fe over the last million years
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Wallner et al. Nature 2016; Science 2021
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Candidate for r-process fingerprint: %*4Pu

13

actinides deliver pure r-process signature
long(er) half-life 80Myr: view further into past

no significant terrestrial remains from primordial
production (Lachner et al., 2012, Wu et al., 2022)

small influx of live 244Pu, correlates with SN-0Fe?

244Pu abundance lower than expected if SNe
dominate r-process nucleosynthesis

production of 244Pu within the past few 100 Myr
difficulty: anthropogenic %44Pul!

strongly contaminated top mm (!) of

FeMn crust after sample retrieval
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r-process yields of recent nearby supernovae

A. Wallner'2*, M. B. Froehlich’, M. A. C. Hotchkis®, N. Kinoshita®, M. Paul®, M. Martschini'{, DRESDEN ™\ = w mem
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Another long-lived candidate: >Mn T A
. ] :“": l 200R-32
53Mn/>°Mn ratios from deep-sea FeMn crust (Korschinek et al., PRL 2020) § !
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Another long-lived candidate:

26Al/27Al ratios from deep-sea sediment cores
(Feige et al., PRL 2018)

assume that °Fe and 2°Al are transported equally to

the solar system within dust particles

data set provides lower limits: ¢Fe /26A] = 0.18%9:33

from y-ray observations: ®°Fe /?°Al = 0.18 + 0.04
(Wang et al., 2020)
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Another long-lived candidate: 14

= perfect AMS radionuclide:
good negative ion formation
stable isobar does not form negative ions

= |ong half-life: T,,=16 Myr
- too much background production on our planet:

- atmospheric production by GCR not clearly established
(104 - 10% relative to 2°Al)

- fission isotope:
anthropogenic contamination: continued release from
reprocessing plants
continuous production from spontaneous fission of 238U

- high solubility of I in (ocean) water:
long residence time of 105~ (340 kyr, Broecker & Peng 1982)
—> signals will get washed out
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A radionuclide with many signatures: °Be

- primary isotope for dating archives on Million year ranges via decay curves

- short-termed spikes in concentration appear due to
- geomagnetic events (field excursions & reversals)
- solar proton events

- production signal also modulated by solar magnetic field
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New insights from °Be

Koll et al., Nature Comm. 2025

- significant change of otherwise long-time stable ocean transport pattern?

- increased production of 1°Be in atmosphere?
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= What about 182Hf? AMS 2.0

- new isobar suppression techniques

- add more element selective processes for
negative ions before the accelerator:
interactions of slow ions with gas and laser light

- promising results for 182Hf (Martschini et al., 2020)

stable

: radioisotope
isobar

of interest

energy (typ. eV)
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photodetachment cross section (typ. Mbarn)
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182Hf and 24’Cm

Ta 182

11474 d

Hf 181

42.39d

MS 4.5; today, 17:00
Challenges in the extraction of 182Hf from

geological archives — *SEBASTIAN FICHTER

MS 6.3 13. Mérz 2025, 11:30
Investigations on ILIAMS isobar suppression for
non-routine AMS isotopes — *MARTIN MARTSCHINI

MS 5.6 Poster
AMS-detection of 182Hf: Characterization of new low-

level reference materials and cross-contamination
experiments — *LAURENZ WIDERMANN

MS 9.5; 13. Marz 2025, 18:45
Isotopic purification of trans-uranium tracers
using RIMS at RISIKO and their characterization

with AMS (Il) — *DOMINIK KOLL

MS 6.5; 13. Marz 2025, 12:15
Photodetachment measurements of negatively
charged molecules and element separation at VERA

— «T. NIEMEYER
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Cm 246
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Cm 247
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= A new 1 MV AMS facility at HZDR: HAMSTER

Helmholtz Accelerator Mass Spectrometer Tracing Environmental Radionuclides

Classic AMS

| —— g U
— ] —— VA

e ) HEDR
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Alternatives to FeMn crusts and marine sediments
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Detection of °®°Fe in younger sediment or in ice & snow

recent input of interstellar material?

] ) 100:'1'1'1'/'1'I'I'I'a/'r'r'/'t'r'l'
- ice cores as well-resolved archive of
direct precipitation : ¥
. I . Prey;,.. . 1
- Iinterplanetary contribution quantified by ®lim ary ;
60Fe/>3Mn ratio 10 - fﬁ =

- present day °°Fe deposition on Earth
~1.2 atoms/cm?/yr

60Fe Deposition [at/cmz/yr]

B Antarctica (Koll et al. 2019)

T ® Sediments (Waliner et al. 2020} |
L Sediments (Wallner et al. 2016} 1
i m Crust (Waliner et al. 2021)
MS 4.3; today, 16:30 1 T )
Interstellar °Fe in 0.1 11T T T T T T
: ; O NI D O O O O O O O OO O D
Antarctic Ice Tracing the NN, ¥ hT. ¥ B: k\Q PP S
ime r
Local Interstellar Cloud [kyr]
— *ANNABEL ROLOFS Rolofs, 2024, based on Koll et al., 2020
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Expanding the time scale: Go to the Moon

- no geologic activity:
- no time resolution
+ integration of input over many Myr

- direct” collection of cosmic dust:
smaller sample size sufficient

- easier to find old remnants of ongoing nucleosynthesis

Degy , 2

o

)

sl M, a2, L

/i o
MS 4.3; today, 16:45
Interstellar Radionuclides in Lunar Regolith
Tracing Supernova and r-Process Events —
*SEBASTIAN ZWICKEL
et ) DR
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Summary

26

few radionuclides relevant & suitable to identify a

cosmic nucleosynthesis fingerprint
different archives tell us different stories

AMS as powerful technigque to detect live

radionuclides in nature

critical to rule out input from other natural &

anthropogenic sources LU

#
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