From the Core of Red Giant Stars to the Edge of the Tumors
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 Heavy elements nucleosynthesis: How stars make gold (r-process) and
lead (s-process)?

* Neutron-capture experiments at CERN n_TOF: Red-Giant stars in the lab

» Enhancing detection sensitivity in neutron capture TOF experiments

» Beyond the limits: r-process neutron-reactions in the lab?

* From stars to tumors: ion-range & dose monitoring in hadron therapy

 Summary & Outlook
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The origin of the elements:

Making Gold (r-process) and Lead (s-process)
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rp-Process .
‘Rapid proton process’
via unstable proton-rich
nuclei through

proton capture

Proton dripline
(edge of nuclear stability)

e

e —> Number of protons

Mickel-28

Hn;gin-g 3
[ neutron stars
a
ju—-n-n &
Y a sEn
'-. I i a & ]
s-Process .~ - ' I
‘Slow process’ via chain ™ 184

162

of stable nuclei through
neutron capture .

.
| lead-82 ——w=2zX

-

T=10%8-10"YK
N, = 10%°-102" cm-3

||

-
pwwme

il
w
4

Origin ofj}'ie Elments, Arcones&Thielemann 2023
“Neutrinos and nucleosynthesis of elements,
- Fisher+ 2024 '
Many candidates: Collapsars, MR-SNe, etc

r-Process
= | &

LETTER S.J. Smartt+ 2017

doi:10.1038/nature24303

A kilonova as the electromagnetic counterpart to a
gravitational-wave source .




The r-process: all elements at once, in a few seconds
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The r-process: all elements at once, in a few seconds

Marging
neutron stars

Important neutron- capture isotopes:
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Approx. 10x weight of
Planet Earth




The r-process: How much gold is produced in one event?
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REVIEWS OF

MODERN PHYSICS

Worrwse 19, Musns 4 Uoromig, 1957

1-3 - Synthesis of the Elements in Stars®
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The slow neutron-capture process (s-process) mechanism: Fe to Ph-Bi

9o§|;n small i s process in Massive Stars (Red Giants)
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Many open questions in s-process nucleosynthesis

- C13-pocket

- Rotation

- Metallicity

- Stellar mass

- Thermal gradients
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How does it work?

Theory: Stellar model
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Neutron-capture experiments at CERN n_TOF: Red-Giant stars in the lab
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The CERN accelerator complex
Complexe des accélérateurs du CERN
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The CERN n_TOF facility: recreating stellar neutron reactions in the lab

O

proton beam momentum 20 GeV/c

intensity (dedicated mode) 8.5 x 10*2 protons/pulse
repetition frequency 1 pulse/1.2s

pulse width 6 ns (rms)

n/p 300

lead target dimensions 80x80%60 cm?

cooling & moderation material N, & H,0 (borated)
moderator thickness in the exit face 5cm

neutron beam dimension in EAR-1 2 cm (FWHM)

(capture mode)
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https://doi.org/10.1103/PhysRevAccelBeams.24.093001

The CERN n_TOF facility: recreating stellar neutron reactions in the lab
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The CERN n_TOF facility: recreating stellar neutron reactions in the lab
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The CERN n_TOF facility: recreating stellar neutron reactions in the lab

EAR1 Upgraded Target (MC)

EAR2 Upgraded Target (MC)
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What we have done at n_TOF?

Radiative capture reactions (n,) The n_TOF Collaboration list of publications:
e https://twiki.cern.ch/NTOFPublic/ListOfPublications — n-I—OF

Light particle emission reactions (n,lcp) (11} EAR2
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204Ph: Calibrating AGB models &“defining” the age of our Solar System
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Mimicking stellar nucleosynthesis with a reactor to produce 2%Ti
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204ph gbundance determined by 2%4Ti(n,y)
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_ The uncertainty arising from the 204Tl(n,y) cross section on the s-process abundance of 204Pb has
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been reduced from ~30% down to +8%/-6%, and the s-process calculations are in agreement
with K. Lodders in 2021.

204Ph abundance of pure s-process origin:
—>No need for fractionation mechanisms in early Solar system
—~>No need for invoking gamma-process contributions

G. Gonzalez 2014

M.Pignatari+ 2016


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.052702
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= The Se(n,y) stellar thermometer
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New techniques for enhanced sensitivity in (n,y) cross-section experiments

Neutron
capture
event

COMPTON IMAGING TECHNIQLU

Cross Section (b)




Total-Energy Detector with g-ray imaging capability (i-TED):

* Need of very high detection efficiency - arrays of large monolithic crystals
» Need of very low neutron sensitivity > Customized design with LaCl;(Ce) and 6Li-HD-PE absorbers

3D- Spatial calibration techniques:

Final i-TED setup @ n_TOF:

Neutron absorbers based on

after neutron absorption by 6Li (!)

6Li-

enriched HD-PE: No y-ray emission

Convolutional Neural Network

individual crystals

g

P. Olleros et al. 2018 JINST13 P03014

J. Balibrea et al. NIM-A (2020)

In total: 20 Position-Sensitive Detectors
1150 cm? of LaClI3(Ce)
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ML-aided 3D-position reconstruction > e

3D keras models for the Jaeeen

V.Babiano et al, NIM-A 931 (2019) e 1280 readout channels (4xKintex FPGA, 20xTOFPET2 ASICs, PETsys)




Testing the gamma-ray vision capability of i-TED

Dynamic image: radioactive source in a remotely controlled XY-gantry imaged at multiple positions
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Testing the gamma-ray vision capability of i-TED

Dynamic image: radioactive source in a remotely controlled XY-gantry imaged at multiple positions
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The 7%Se(n,y) stellar thermometer

Comparison i-TED vs. Conventional C6D6 detectors
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Beyond the limits: r-process neutron-reactions in the lab?
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State-of-the-art TOF neutron-capture measurements: the limit?

EAR1 79Se(n,y), 2022
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How far are r-nuclei from direct (n, Y) measurements?

Limits in state-of-the-art TOF experiments:

- Sample > 108 atoms
Sample half-life

Sample activity < 10 MBq
Sample purity / enrichment

Neutron-induced backgrounds

N2 2 2 2\

Detector count rates < 1 MHz

Important neutron capture |sotopes

| 12580 (59m), 29Sn (2m)

Vescovi+2022
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How far are r-nuclei from direct (n, Y) measurements?

1 Protons

Particle
detection

l

Tungsten spallation target

D,0 moderator

Revolving

ions

RIB Facility ———

Electron cooler ~ Schottky pickup

PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, (44701 (2017)

Storage Ring

Spallation-based neutron target for direct studies of nentron-induced
reactions in inverse Kinematics
René Reifanth, Kathrin Gibel, Tanja Heftrich, and Mario Weigand
Geoethe-Universinde Frankfiert, Frankfiorr am Main, 60435 Frankfurr, Germany

Beainz Jurado
CENBG, 33175 Grodignan, France

Franz Kippeler

Karlsruve Institute of Techrology, 7613) Karlsruhe, Germany

Yuri A. Litvinoy
G5 Helmbolizzentram fiir Schwertonenforschung, 64290 Darmstady, Germoany
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How far are r-nuclei from direct (n, Y) measurements?
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Tungsten spallation target detection

D,0 moderator
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How far are r-nuclei from direct (n, Y) measurements?
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Outline

 Heavy elements nucleosynthesis: How stars make gold (r-process) and
lead (s-process)?

* Neutron-capture experiments at CERN n_TOF: AGB stars in the lab.

« Gamma-ray imaging: Enhancing the sensitivity in neutron capture TOF
experiments

* Breaking the limits: r-process neutron reactions in the lab?

* From stars to tumors: ion-range & dose monitoring in hadron therapy

 Summary & Outlook

-I:r'..‘:-':o.: ;'_-_ European
nRE Research
Council
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Therapeutic proton heams for localized tumor treatments

- Protons: maximum dose deposition at the end of their trajectory (Bragg peak), proposed by R. Wilson in 1946

- Minimize damage to neighbouring tissues

- Range uncertainties impose conservative safety margins of 3.5% + 3 mm

Y lateral position (cm)

100 MeW

4 &
Depth {em)

Important to monitor
ion-range in real time
with high accuracy

Water

Paticnts treated with Protons and C lons worldwide 2007 2021

Dosa (Gy

w0~
2

healthy tissue healthy tissue

hadrontherapy

7
ve lliradiotherapy

- )
||~
Sensible organ

]!
L\

Dosis

Depth in tissue / range

R. Wilson, R.R. (1946); H. Paganetti, Phys. Med. Biol. 57 (2012); U. Amaldi et al., Rep.Prog.Phys. 68 (2005); Zarifi (2019); PTCOG-2022



PET monitoring Prompt-Gamma Imaging

proton Froton

Mucleus Murleus

yELLket

- Range verification via PET (Llacer, 1979) - Range verification via Prompt Gamma Imaging

, _ (Stichelbault&Jongen, 2003)
Generally based on %0 (2min), "'C (20min), °C (20s)

Sensitive to tissue stoichiometry and mass density Slit camera in clinical use (Smeets+12) > 1-2 mm (1D)

Functional character: physiological processes and tumour RF Most advanced electronic (Compton) imagers: Kabuki+09;

In-Beam PET: GSI (Enghardt+20, Parodi+02); Excellent Richard+12; Peterson+10; Kormoll+11; Thirolf+14,

sensitivity (2.5 mm, 108p) with 2N (11ms) and tomographic Llosa+13; etc

functionality (KVI-Group, Siemens PET heads) High yield of high-energy y-rays (2-6 MeV) at the Bragg

Advances with secondary C-beams at GSI+LMU groups peak > reliable signature of the ion-range

(BARB) using radioactive beams of (19-1'C) [Kostyleva+23,
Boscolo+24, etc], and with 4150[Purushothaman+23]. Low efficiency (particularly for more than two detection

Limitations with “conventional” proton-therapy: planes)

* Delayed (biological washout, organ motion...) Large neutron-induced backgrounds (in-beam)
* Not directly coinciding with the Bragg peak

* Low counting statistics (10 Bg/ml) > Low efficiency




PET monitoring Prompt-Gamma Imaging

| PET Compton P
protan Delayed / Indirect gy

- - Prompt (Bragg Peak)
Efficiency Efficiency
Target ) _

_ Signal/Background
Image Resolution

Neutron backgrounds

- Range verification via R ympt Gamma Imaging

Prompt Gamma Compton & PET  [o3)
together? eets+12) > 1-2 mm (1D)

Generally based on 20 (

Sensitive to tissue stoich

Functional character: ph pton) imagers: Kabuki+09;

In-Beam PET: GSI (Eng moll+11; Thirolf+14,
sensitivity (2.5 mm, 108p

Proton

functionality (KVI-Group,] @ ——— s (2-6 MeV) at the Bragg

Advances with secondar e lon-range
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Boscolo+24, etc], and wi 1-Delay more than two detection
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Combining PET- and Compton-imaging possible?

K. Parodi, Nucl. Instr. Meth. A (2016)
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2.3, Specificity af PO imaging

lable 2 presents the specificities of PG cameras for hadrontherapy
with respect o conventonal medical imaging, 1L is clear from these
speciticities that dedicated eameras zare needed, with special features
Like high energy detection capability and count cate capabilivy, and data
acquisition systems that have to be adapted o the beam time structore,

Far the particiular abjective of the precision [oe the fallofl determe
nation in the 1D-profile, the background plays a major role. Indeed, if
wie duescribe e Gallofl features i tenms of contrast €, Gllofl width FH
and background level 2, it has been shown that the falloff refrieval pre-
cision FRP is determined by the following equation for homogensous
targets [32]:

i
FRP E . [y
i W
wlhiere & is the nuwmber of mcident ons, A sieiking cesall st e
falloff width has no influence on the & ##. This means that the priority
when optimizing camera designs is the detection efficiency and the
backzround rejection (shiclding, TOF.... ).

Asowee will see In Secdon 4, detection efliciencies of PG cameras —
ranging from 1075 (eallimated cameras) o 107% (Comptien camearas) —
will lead to relatively low numbers of detected PG at spot level Far pencil
beam seanning systems.
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Photosensors <

- High detection efficiency - Online real-time proton-range verification
- Low sensitivity to n-induced backgrounds = Improved S/B-ratio
- Good performance in the gamma-ray energy range up to 5-6 MeV

- Compact & lightweight > Compatible with clinical environment




First PET-Compton pre-clinical tests at HIT-Heidelberg

Heidelberg Hadrontherapy Center

Hybrid PGI-PET technique and pulsed beams
PGI PGI

PGI

|

- Clinical proton-beam energy (55-200 MeV)
- Clinical proton-intensity (102 p/point)

MC-Study: J. Lerendegui-Marco, et al. Nat. Sci. Rep. 12, 2735 (2022)
PoC @ 18 MeV: J. Balibrea-Correa, et al. EPJ-Plus (Nov.2022)



https://doi.org/10.1038/s41598-022-06126-6
https://rdcu.be/cZ63m
https://rdcu.be/cZ63m

First PET-Compton pre-clinical tests at HIT-Heidelberg /777
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J. Balibrea-Correa, J. Lerendegui-Marco, et al. (HIT, USe) (publication in review)



First PET-Compton pre-clinical tests at HIT-Heidelberg #7277,
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55 MeV p-beam 10° p/spot on Graphite Target @ three positions / Compton PGl:
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First PET-Compton pre-clinical tests at HIT-Heidelberg _#7//7 ",
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150 MeV p-beam 10° p/spot on PE-Target @ three positions
PET in-beam off-spill > mm sensitivity
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- Improve geometry - Higher statistics/spot
—> Suppress background - Better S/B

J. Balibrea-Correa, J. Lerendegui-Marco, et al. (HIT, USe) (publication in review)
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First PET-Compton pre-clinical tests at WPE

ERC-POC
Universitdtsklinikum GNVISION
PET Calibration:

Lateral wicw

ka , Universitdtsmedizin Essen

Top vicw
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Prel. Est. < 2mm sensitivity for 1E8 p

Isochronous Normal Conducting

Cyclotron (IBA-ProteusPlus) @ WPE
PET PET PET




First PET-Compton pre-clinical tests at WPE

q o . ERC-POC
"k , Universitatsmedizin Essen GNVISION

Universitatsklinikum

Compton PGl:
iTED A: +0mm iTED B: +0mm

200
iTED C: +0mm iTED D: +0mm

0 200
Ycompton [MmM] Ycompton [Mm]

Prel. Est. <4mm sensitivity for 1E8 p

- Possible to combine Compton & PET with same apparatus using a cyclotron-based machine

—> Data analysis in progress (!)
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Dosimetry with therapeutic neutron fields

ERC-POC
AMA
o BNCT is an emerging treatment that aims at
improving the therapeutic ratio for traditionally difficult
to treat tumors.

Neutron |*

Source |* o _ _ o
o Clinically: Glioblastoma multiforme, meningioma,

head, neck, lung, breast cancers, etc [Malouff+21]

478 keV y-ray ] ]
o Dosimetry in BNCT presents challenges:

o Neutrons interaction within the body
o Uncertainties associated with the uptake of
boron.
o Current treatment planning: strong extrapolations
of boron uptake by the tumor derived from prior PET
scans.

Solution?: online boron-uptake monitoring
and spatial distribution via the Compton
imaging of the 478 keV line

Challenges:
- Very large count rates (MHz at 50 cm)
- Neutron-induced backgrounds

- Regular patient treatment: 2 (Japan)
- Clinical trial: 6 (Japan, China, Korea, Taiwan)

- Commissioning, Development & Construction


https://isnct.net/

Dosimetry with therapeutic neutron fields ercE

[/ . : : : POC
- Highly demanding online 3D-reconstruction
NEUTRONS New algorithms required for quasi-real time imaging
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WORK IN PROGRESS

B. Gameiro et al. (2024) https://doi.org/10.48550/arXiv.2411.04785
P. Torres-Sanchez et al. (2024) https://doi.org/10.1016/j.apradiso.2024.111649
J. Lerendegui-Marco et al. (2024) https://doi.org/10.48550/arXiv.2409.05687

ERC POC-Grant: Advanced imaging system for Medical Applications (AMA) (Grant No. 101137646)

- first tests atelinical facility



https://cordis.europa.eu/project/id/101137646
https://doi.org/10.48550/arXiv.2411.04785
https://doi.org/10.1016/j.apradiso.2024.111649
https://doi.org/10.48550/arXiv.2409.05687

Summary & Outlook

The CERNM accelerator complex
Complexe des accélérateurs du CERN
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