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Stellar (n,) Measurements: Status Quo

Almost all stable nuclei 

measured (for s-process) ✓

Only 16 radioactive nuclei measured 

with direct methods!

Missing direct (n,) cross sections:

s-process: 11 radioactive branching nuclei

i-process: (Almost) EVERYTHING!

r-process: EVERYTHING!
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Comparison to theory

S. Martinet, S. Goriely, A. Choplin, and L. Siess, Eur. Phys. J. A61 (2025) 48

https://doi.org/10.1140/epja/s10050-025-01510-y

“The effect of parameter uncertainties on the final nucleosynthesis is in the same order 

as model uncertainties, suggesting the crucial need for more experimental 

constraints on key nuclei of interest... relevant (n,γ) rates impacting the i-process 

tracers, could enhance tremendously the prediction of stellar evolution models by 

experimentally constraining them.”

• Parameter unc. for two nuclear models with two different 

combinations of NLD and PSF with TALYSHFB + comb. NLDs 

& D1M+QRPA PSFs 

Phenomen. models: 

const. T NLDs & 

Lorentzian-type SMLO

https://doi.org/10.1140/epja/s10050-025-01510-y
https://doi.org/10.1140/epja/s10050-025-01510-y
https://doi.org/10.1140/epja/s10050-025-01510-y
https://doi.org/10.1140/epja/s10050-025-01510-y
https://doi.org/10.1140/epja/s10050-025-01510-y
https://doi.org/10.1140/epja/s10050-025-01510-y
https://doi.org/10.1140/epja/s10050-025-01510-y
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Neutron capture reactions

What are present limitations in direct captures?
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How to measure direct neutron cross sections?

Stable nuclei Neutrons
Measure decay 

or reaction 

products

TargetBeam 

Typical “stellar” energies:  100’s eV - ~2 MeV 

Typical stellar (n,) cross section: 1-100’s mb
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Direct neutron activations with radioactive samples

• 63Ni: 112 mg = 1.1*1021 atoms, A= 240 GBq (= 6.5 Curie)

• 171Tm: 3.1 mg = 1*1019 atoms, A= 114 GBq 

        C. Guerrero et al., PRL 125 (2020)

• 60Fe: 1.35 g = 1.35*1016 atoms, A= 113 Bq

        E. Uberseder et al., PRL 102, 151101 (2009)

• 179Ta: 46 ng = 1.58*1014 atoms, A= 2 MBq 
only thermal activation in reactor   R. Garg et al., PRC (2023)

C. Lederer et al., PRC 89, 025810 (2014) 

2.62 My

Long-lived nuclei Neutrons

TargetBeam 

s
a
m

p
le

 s
iz

e
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Direct stellar neutron activation: Limitations

• “Physical” sample size >1014 atoms needed (~16 ng for A=100)

• Shortest half-life measured so far: t1/2= 1.92 y (171Tm)

For t1/2 < 100 days: 

• Sample production and preparation difficult (quick turn-

around needed, high sample activity)

• Measurement needs to be done within days

→ Not feasible for many nuclei unless activation 

facility, chemical separation, and measurement facility nearby
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How to measure cross sections?

Stable/ long-lived nuclei Neutrons
Measure decay or 

reaction products

TargetBeam 

Neutrons Short-lived nuclei 

Neutrons

t1/2= 10.2 m

down to ~1015 atoms

Short-lived nuclei 
“Inverse kinematics” Measure decay 

and/or reaction 

products
Gas/ Solid

Deuterium
(d,p) reactions

Indirect measurements Measure decay 

and/or reaction 

products
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“Per aspera ad astra”

How can we measure direct capture 

reactions with a storage ring?

LEGO J.B. Ghost Lab

(“Through hardship to the stars”)
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(Modern) Heavy RIB Storage Rings

• Experimental Storage Ring (ESR) at GSI Darmstadt (since 1990)

• Cooler-Storage Ring (CSRe) at HIRF in Lanzhou (since 2010)

• Rare RI Ring (R3) at RIKEN Nishina Center (since 2012)

• CRYRING at GSI Darmstadt (1992-2014, since 2016)

• Spectrometer Ring at HIAF in Huizhou (2025)

• Collector Ring (CR) and High-Energy Storage Ring (HESR) at FAIR (>203x)F
ra

g
m

e
n
ta

ti
o
n
 f

a
c
ili

ty
IS

O
L
 f
a
c
ili

ty • Test Storage Ring (TSR) at CERN-ISOLDE (2012) (1988-2013)

Operational

Under construction

Postponed

Proposed

Cancelled/closed
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Reactions in a storage ring

1. Injection of (radioactive) beam

2. Beam is orbiting (100’s kHz) and 

accumulated. Momentum spread can 

be reduced by cooling techniques

3. Beam orbit is changed to “interaction” 

orbit or target turned on (reactions)

4. Detection of reaction products inside or 

outside of ring / Ejection 

Target

Injection

Detection/ Ejection

Detector

Beam 

monitor

Detector

Beam 

monitor
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Slide from Yuri Litvinov

Unique environment!
- Beam cooling, manipulation, 

accumulation, …

- Long storage times (hours!)

- High charge states

- Isomeric beams

- Multi-pass experiments 

(reactions)

→ Unique experiments!
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What is next?

TargetBeam 

NeutronsShort-lived nuclei Measure reaction 

product

Storage Ring

Stable/ long-lived nuclei Neutrons
Measure decay or 

reaction products
>1014 atoms

Inverse kinematics: 

NA+1= NA,ring * (E) *n* f(E) * tmeas * 
>100 kHz
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Storage Ring + “Neutron target”

See Los Alamos Project 

(S. Mosby, A. Couture, R. Reifarth)
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(Little) Problem

No facility (yet) with RIB + Storage Ring 

+ Neutron Target 
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How to build a facility no one has built before
1. Find ambitious nuclear physicists who are crazy enough to do this

✓
The Four NRING Musketeers

https://arxiv.org/pdf/2508.15465 

https://arxiv.org/pdf/2508.15465
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How to build a facility no one has built before

2. Find a suitable existing storage ring for proof-of-concept facility

Circumference: 108 m

Energies:  4- 400 MeV/u

Electron and stochastic cooling

Gas jet target

Since 1990

CRYRING

Circumference: 54 m

Energies: 10 keV/u - 10 MeV/u

Electron cooling

Gas jet target

Local ion source

1991-2010 at U Stockholm

since 2013 at GSI Darmstadt

Atomic + 

Nuclear Physics

Atomic Physics

(Nuclear Reactions)

✓
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How to build a facility no one has built before

3. Find money to build a suitable neutron moderator/target (in progress)

Supercompact

Cyclotron

https://arxiv.org/pdf/2508.15465 

Demonstrator assembly at 

CRYRING@GSI Darmstadt

• (Cryogenic) Neutron 

moderator-reflector target

• Supercompact cyclotron: 

9 MeV p, ~130 A → 9Be(p,xn)

→ Expected areal neutron 

density: ~3*106 n/cm2

→ Few events/ day with 100 mb

https://arxiv.org/pdf/2508.15465


19

D
is

c
o

v
e
ry

,
a
c
c
e
le

ra
te

d

21-May-2026

How to build a facility no one has built before

4. Identify suitable “high”-statistics experiments ✓

- Start easy: Stable beams from 

local ion source (20Ne)

- Start with known detection 

technology: In-ring particle 

detection for (n,p) and (n,) 

reactions at E= 4-15 MeV/u

- 109-1010 20Ne3+ stored → 

Expected rates 

300-2000 events/day for (n,); 

20-1000 events/day for (n,p)
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How to build a facility no one has built before

• Beam and (n,) product 

cannot be distinguished 

inside ring (momentum 

conservation)

• But: Different velocities!

→ Extraction into Wien 

velocity filter

→ Full separation after 

3 m drift length
• Detection via Faraday Cup (beam) and DSSD 

(reaction products)

5. Increase complexity: (n,) requires a Wien filter



21

D
is

c
o

v
e
ry

,
a
c
c
e
le

ra
te

d

21-May-2026

How to build a facility no one has built before

5. Increase complexity

- 20Ne(n,): Known resonances at 

147 keV, 1.37 and 1.68 MeV

- 1.2*109 20Ne3+ ions in ring

- ~20 events/day for 1.37/1.68 MeV

- few events/day at 147 keV

Increase complexity more:

→Long-lived radioactive beam

→Short(er)-lived radioactive beam
Disadvantage of in-flight RIB facility: 

Huuuge losses → limited number of cases

NA+1= NA,ring * (E) *n* f(E) * tmeas * 
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How to build a facility no one has built before

6. Propose a dedicated “ideal” neutron capture storage ring

• Design a storage ring without space constraints

• Use a better & higher intensity proton driver for neutron production

• Use a better RIB facility → ISOL

• Increase duty factor by including Wien Filter separation into ring

• Detect reaction products with recoil separator
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Outlook: 

The TRIUMF Storage Ring Project
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(Modern) Heavy RIB Storage Rings

• Experimental Storage Ring (ESR) at GSI Darmstadt (since 1990)

• Cooler-Storage Ring (CSRe) at HIRF in Lanzhou (since 2010)

• Rare RI Ring (R3) at RIKEN Nishina Center (since 2012)

• CRYRING at GSI Darmstadt (1992-2014, since 2016)

• Spectrometer Ring at HIAF in Huizhou (2025)

• Collector Ring (CR) and High-Energy Storage Ring (HESR) at FAIR (>203x)F
ra

g
m

e
n
ta

ti
o
n
 f

a
c
ili

ty
IS

O
L
 f
a
c
ili

ty • Test Storage Ring (TSR) at CERN-ISOLDE (2012) (1988-2013)

Operational

Under construction

Postponed

Proposed

Cancelled/closed

• ISOLDE Storage Ring (ISR, proposed) at CERN-ISOLDE (>203x)

• TRIUMF Storage Ring (TRISR, proposed) at TRIUMF-ISAC (>203x)

• Los Alamos Storage Ring (proposed) at LANSCE (>203x?)

+ Neutron Target

NRING project

TRISR project
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The TRIUMF Storage Ring (TRISR) Project

Existing ISOL facility + Storage Ring + Neutron Target = TRISR

(n,) cross sections 

for A>50 

at astrophysical 

energies 

E= 150 - 2000 keV/u
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Possible Design: TRISR at TRIUMF
Direct neutron capture reactions on radioactive nuclei!

I. Dillmann et al., EPJA 59, 105 (2023)

K. Pak et al., Nucl. Eng. Techn. 57 (2025) 103392

A. Tarifeno-Saldivia et al., Phys. Rev. Accel. Beams (2026), 

 https://arxiv.org/abs/2508.15465  

Recoil

Separator

• Connected to ISAC facility

• Direct injection at energy of interest 

(150-2000 keV/u)

• Neutron production tbd.

• Wien filter inside ring matrix

• Detection by recoil separator

Neutron 

production

Possible scaled areal neutron 

density: ~109 n/cm2

→ nxs down to few mb!

Several orders of 

magnitude gain

https://arxiv.org/abs/2508.15465


27

D
is

c
o

v
e
ry

,
a
c
c
e
le

ra
te

d

21-May-2026

Accessible Nuclei with Future Facility

Orders of magnitude gain with 

dedicated storage ring facility! 

NRING

In reach with NRING method
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Summary

NRING@GSI TRISR@TRIUMF LANL

Storage Ring CRYRING (existing) TRISR* (LANL Ring)*

Proton Driver Compact cyclotron* Cyclotron* or CANS* 800 MeV Linac

Neutron production 9Be(p,xn) 9Be(p,xn); (d,n); … n spallation

Energy range 50 keV/u- 30 MeV/u 150 keV/u- 2 MeV/u >5 MeV/u

RIB Production In-flight facility (existing) ISOL (existing) ISOL*, long-lived ions

Separation Extraction + Wien filter* In-ring Wien filter* tba

Recoil detection DSSD* Recoil separator* tba

Physics goal (n,), (n,p), (n,) Mainly (n,) (n,xn), (n,)

Shortest t1/2 min ~10s tba (several y…10s)

Funding ERC (under review) Design study (funded) Design study, target 

demonstrator (funded)



Thank You!

Merci!

hay č xʷ q̓ə!

www.triumf.ca

@TRIUMFLab
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Key Factor: Neutron Target Design

• High-Flux Reactor: Very high flux but very expensive

• Spallation Neutron Source: High flux but still expensive

• (Compact) Acc-Driven Neutron Source: Good flux but large size

• High-intensity cyclotron-driven neutron source

• Compact cyclotron-driven neutron source: Best compromise

• Array of compact neutron generators: scalable and needs space

• Neutron Generator: Lower neutron flux and cheap
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The Cryogenic Moderator-Reflector

• D2O or BeO ceramics as moderator

• Graphite as reflector

• 20 K liquid H2 as cryogenic material

 → ~14-15*10-7 n/cm2/primary

https://arxiv.org/pdf/2508.15465 

Storage ring beampipe

(diameter ~1 cm!)

https://arxiv.org/pdf/2508.15465
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The Supercompact Cyclotron

https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/ 

• IBA Cyclone KEY is best solution for limited space in CRYRING

• Protons up to 9.2 MeV, current up to 130 A

→ factor 10 in current for larger cyclotrons possible

https://arxiv.org/pdf/2508.15465 

https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://www.iba-radiopharmasolutions.com/cyclotrons/cycloner-key-0/
https://arxiv.org/pdf/2508.15465
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Extraction of beam with a Wienfilter

K. Pak et al., Nucl. Eng. Techn. 57 (2025) 103392 

https://arxiv.org/pdf/2312.11859.pdf 

• Calculations done with COSY INFINITY

• Separate beam and reaction products with Wienfilter and magnetic septum - never 

done before for a storage ring!

• Extraction into recoil separator

https://arxiv.org/pdf/2312.11859.pdf
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Extraction of beam with a Wien filter: 80Zn(n,)81Zn

• WF: E= 35 kV cm-1, l= 2m,

aperture 10 * 10 cm2

• 80Zn15+ at 150 keV/u, 

• Transverse emittance: 0.2  m

• Assume 1  emitted after capture

→ ~40mm separation of 81Zn15+ and 80Zn15+ 

after 4m → magnetic septum
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Conceptual recoil separator study
• Based on experiences and designs 

for DRAGON and EMMA

• 5Q, 2S, 40deg electrostatic deflector, 

60deg magnetic dipole 

• L= 11 m

Leaky 

beam

Reacted

beam

K. Pak et al., Nucl. Eng. Techn. 57 (2025) 103392 

https://arxiv.org/pdf/2312.11859.pdf 

https://arxiv.org/pdf/2312.11859.pdf
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