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Motivation: s-process
  

→ Among the 21 key s-nuclei listed in
Kaeppeler, Rev. Mod. Phys 83, 157 (2011)

134,135Cs

S-process branchings at 134Cs and 135Cs: Fix 
the abundance ratio of the  s-only 134,136Ba.

Accurately measured from SiC from presolar 
grains of AGB origin

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157


Motivation: s-process

S-process branchings at 134Cs and 135Cs: Fix 
the abundance ratio of the  s-only 134,136Ba.

Accurately measured from SiC from presolar 
grains of AGB origin

Palmerini et al. (2021).: Ba isotopic ratios 
sensitive to the (n,γ) CS of 134Cs and 135Cs +  

Temperature dependence of the β−decay rates 

Taioli et al. (2022) : Half-life of 135Cs reduced to 
few hundred years under TPs conditions 

Accurate (n,g) cross section →  Stellar thermometer

https://iopscience.iop.org/article/10.3847/1538-4357/ac1786/meta
https://iopscience.iop.org/article/10.3847/1538-4357/ac74b3/meta


 Motivation: transmutation of LLFPs

→ One of the 21 key s-nuclei listed in: Kaeppeler, Rev. Mod. Phys 83, 157 (2011)

→ Listed as 1st-level priority (two times) in the sensitivity study:  Cescutti et al., MNRS 478 (2018) 

79Se

135Cs (2.3×106 y): among LLFPs with 
largest contribution to long-term 

radiotoxicity

135Cs

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://doi.org/10.1093/mnras/sty1185


 Motivation: transmutation of LLFPs

→ One of the 21 key s-nuclei listed in: Kaeppeler, Rev. Mod. Phys 83, 157 (2011)

→ Listed as 1st-level priority (two times) in the sensitivity study:  Cescutti et al., MNRS 478 (2018) 

79Se

135Cs (2.3×106 y): among LLFPs with 
largest contribution to long-term 

radiotoxicity

135Cs

(n,g) CS: fast energy range

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.157
https://doi.org/10.1093/mnras/sty1185


135Cs(n,ɣ): Status of the data
RRR: 6 resonances from (n,tot)  

(V.A.Anufriev 1987, not in EXFOR)

Sugarma (1949), Baerg ( 1958), 
Katoh (1997) (n,g) @ thermal

Range of interest 
for astrophysics 
and fast reactors

(n,g) →MACS via activation
● 2 Previous measurement at FZK
● Only 2 energies: @ 30 and 500keV:
● Corrections for the thermal 

contribution

https://nds.iaea.org/nsr/fastsrch_act2.jsp?aname=V.A.Anufriev


135Cs(n,ɣ): Status of the data
RRR: 6 resonances from (n,tot)  

(V.A.Anufriev 1987, not in EXFOR)

Sugarma (1949), Baerg ( 1958), 
Katoh (1997) (n,g) @ thermal

Range of interest 
for astrophysics 
and fast reactors

(n,g) via activation at NEAR: 
● Capability to tune the  energy spectrum
● MACS in a wider range (1 keV-1MeV) of 

interest for astrophysics & fast reactors

(n,g) →MACS via activation
● 2 Previous measurement at FZK
● Only 2 energies: @ 30 and 500keV:
● Corrections for the thermal 

contribution

https://nds.iaea.org/nsr/fastsrch_act2.jsp?aname=V.A.Anufriev
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135Cs(n,ɣ) at NEAR  + GEAR
  Physics at the NEAR:

- High flux (x~100 EAR2 outside the collimator)
- Activation measurements
- Small mass
- Unstable isotopes e.g. s-process branchings not 

accessible via TOF



135Cs(n,ɣ) at NEAR  + GEAR
  Physics at the NEAR:

- High flux (x~100 EAR2 outside the collimator)
- Activation measurements
- Small mass
- Unstable isotopes 

Neutron spectra  + filter (B4C, …) after the collimator 
exit:

- Measure SACS @ various stellar temperatures from 
0.1 to several hundreds of keV.

- E. Stamati et al.,CERN-INTC-2022-008; INTC-P-623 
(2022):  benchmark with long-lived (n,ɣ) products

e.g. s-process branchings not 
accessible via TOF

https://cds.cern.ch/record/2798978
https://cds.cern.ch/record/2798978


             135Cs(n,ɣ) at NEAR:  minimum 135Cs mass?
Flux: FLUKA Simulations up to marble wall + 

Geant4 (95% Enriched B4C)

HPGe Efficiency: 
@ 3 cm: 1.6% @818keV

x 20% Beta-gamma coincidence 
(precise characterization ongoing + 

potential efficiency upgrade)

Irradiation time:
3 x T1/2

 136Cs (13 d)

3 cm
6 cm

9 cm
Ig (818.5 keV)

 = 100%

Calculations: Sara Carollo GEAR info: E. Stamati, N. Patronis

Experimental 
validation 
on-going

GEAR: HPGe decay station

7% uncertainty
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135Cs sample production
Why at ISOLDE? 

● Yields 1 x 109 - 1 x 1010 at/uC → 10¹⁵ at 135Cs in 
several days to weeks

● Separation: GPS → neighbouring masses <0.1%  
+ 136Cs decays in few months (Ba isotopes 
stable)

● Foster ISOLDE-n_TOF synergy: radioactive 
samples  production + measurement at NEAR



135Cs sample production: yields

Molten La metal:
 8.5e9 at/µC

U carbide:
 2.4e9 at/µC

La carbide:
 1.3e9 at/µC

ISOLDE Yield database: FLUKA Why at ISOLDE? 
● Yields 1 x 109 - 1 x 1010 at/uC → 10¹⁵ at 135Cs in 

several days to weeks
● Separation: GPS → neighbouring masses <0.1%  

+ 136Cs decays in few months (Ba isotopes 
stable)

● Foster ISOLDE-n_TOF synergy: radioactive 
samples  production + measurement at NEAR



        Sample production at ISOLDE: options

Information: U. Köster, S. Rothe, S. Stegemann

ISOLDE Yields:
 FLUKA

1.5 uA (avg) 
protons 

Extract eff.
 >=50%

To implant 
2.4e15 at



Proposed production alternatives:

1) U Carbide target "parasitic mode" : in parallel to other running experiments one could collect in the 
SSP collection chamber (@ GLM or GHM beamlines).  15 days required for 2.4 x 1015 atoms. 

2) U carbide target  "parasitic mode" + offline GPS: Old U Carbide target @ ISIS irradiation point at GPS 
until sufficient 135Cs →  GPS (when available)  &  collection @ GLM or GHM.  Advantages: irradiation 
and collection separated in time → scheduling could be facilitated + ion beam would be optimized for 
the collection.
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Proposed production alternatives:

1) U Carbide target "parasitic mode" : in parallel to other running experiments one could collect in the 
SSP collection chamber (@ GLM or GHM beamlines).  15 days required for 2.4 x 1015 atoms. 

2) U carbide target  "parasitic mode" + offline GPS: Old U Carbide target @ ISIS irradiation point at GPS 
until sufficient 135Cs →  GPS (when available)  &  collection @ GLM or GHM.  Advantages: irradiation 
and collection separated in time → scheduling could be facilitated + ion beam would be optimized for 
the collection.

3) Molten La target: Highest yield but less/not compatible to other experiments → exclusive shifts.

        Sample production at ISOLDE: options

Information: U. Köster, S. Rothe, S. Stegemann

 x~2 lower yield 
→Unfavoured

ISOLDE Yields:
 FLUKA

1.5 uA (avg) 
protons 

Extract eff.
 >=50%

To implant 
2.4e15 at



        Sample production at ISOLDE: + Details 
TECHNICAL DETAILS:
Beam-lines 

● Low mass (GLM) or high mass (GHM) beam lines parasitic to HIE- ISOLDE
experiments with In, Sn, Sb, Te, Cs or Ba beams in the central beamline

Implantation matrix
● Should be conductive (e.g. Be, Al, C or metallized mylar, etc.)

Sample size
● Small diameter (about 3 mm without much losses) possible.
● Limit self-sputtering of the sample → spread the beam over an area of (cm2)+  adapt to n_TOF optimum size

Isotopic purity
● GPS mass separator: <0.1% of neighbouring masses
● 136Cs: Sample cooled for > 10 x T1/2(13 d)→  remove 136Cs 
● 134Cs:  kBq activities but strongest gamma lines of 134Cs decay are below those of 136Cs 
● Cleaner spectrum with 𝛽-Ɣ coincidences: 136Cs decay g-rays emitted delayed (136mBa isomer with T1/2=0.3s)

135Cs mass characterization
● Preliminary estimation: Beam current  ( upper limit for the 135Cs content due to the presence of isobaric 135Ba)
● Final determination:  After the n_TOF experiment by dissolving the target + ICP-MS. 

Information: Ulli Köster
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Motivation
- 134Cs & 135Cs(n,ɣ): relevant s-process branching → s-only 134,136Ba (SiC presolar grains)
- 135Cs(n,ɣ) (T1/2 = 2e6 y)→ also relevant for transmutation of LLFP

135Cs(n,ɣ):  NEAR + GEAR
- Previous MACS @ 30 and 500 keV (N. Patronis, FZK, 2004).
- Aim of the experiment at  NEAR: Covering a wider energy range thank to the spectrum-shaping capability.
- Preliminary study:  neutron spectra from MC simulations & experimental efficiency of the GEAR setup.
- Estimated minimum required mass of 135Cs: 2.4 x 1015 atoms

Aim of the Proposal: 135Cs sample production at ISOLDE
- Strengthen collaboration ISOLDE/MEDICIS for the production of future samples of interest for (n,g) at  NEAR.
- Technical feasibility and details have been discussed with ISOLDE experts.
- Options for production:

1. Parasitic production/implantation (I):  U carbide target while other experiments running → 15 days for the aimed 
number of atoms

2. Alternative Parasitic approach (II): 135Cs in Old U carbide  + offline extraction when GPS available 
3. Alternative exclusive shifts (III):  4 days with Molten metallic La target

Outlook towards the 135Cs(n,ɣ) at NEAR + GEAR
- Experimental characterization / validation of the NEAR “quasi-estelar” beams + upgrade of the GEAR setup 
- Final beam-time estimation for the 135Cs(n,g) via activation at NEAR + GEAR → INTC Proposal

Summary & outlook
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