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Connecting observations with the lab
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“Rare 
Earth 
peak”

N=50

Connection between 
nuclear structure 

far off stability and 
“observed” abundances !



Nuclear physics input for the r process
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Most important nuclear physics inputs: 
• Masses (path) 
• Half-lives and bn-branching ratios (peak shape)
• n-capture cross sections (peak shape)

"hot" r-process path
"cold" r-process path

Observations

Measurements

motivate

Improvements of models
(stellar or theoretical)

motivate

r-process fully understood ;-)



Outline
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1. g-Spectroscopy of neutron-rich isotopes

 half-lives, (nuclear structure)

2. Measurement of b-delayed neutron emitters

 half-lives, b-delayed neutron branching ratios

3. Measurement of i-process key reactions

 (n,g) reaction rates
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g-Spectroscopy of neutron-
rich isotopes at TRIUMF



The GRIFFIN spectrometer
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Gamma-Ray 
Infrastructure For 

Fundamental 
Investigations 

of Nuclei

• High efficiency g-ray spectrometer

• 16 HPGe Clovers

• Coupled with ancillary detectors: 
plastic scintillators, conversion 
electron spectrometer, LaBr3 fast 
timing array, neutron detectors,...

In operation since fall 2014



N=82 isotopes: 130Cd
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Solar r-abundance at A=130: 
Stable 130Te from decay of  
N=82 130Cd and neighbors

N=82



First GRIFFIN science publication: 130Cd controversy solved
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130Cd half-life:

ISOLDE (1986): t1/2= 195(35) ms

ISOLDE (2001): t1/2= 162(7) ms

EURICA (2015): t1/2= 127(2) ms

M. Hannawald et al., NP A688, 578 (2001).

G. Lorusso et al., PRL 114, 192501 (2015).

K.-L. Kratz, et al., Z. Phys. A 325, 489 (1986).



22% 
lower!

GRIFFIN (2016): t1/2= 126(4) ms R. Dunlop et al., Phys. Rev. C93 (2016)

Previous 130Cd half-life was used to adjust Gamow-Teller quenching factor for lighter 
N=82 isotopes: New predictions will yield shorter half-lives for 128Pd, 127Rh, 126Ru…
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Measurement of b-delayed 
neutron emitters



b-delayed neutron emission
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Q-value
Neutron

separation
energy

Dominant decay mechanism for very neutron-rich isotopes

1. Half-life
2. Neutron-branching ratio (Pn)



BEta deLayEd Neutron detector (BELEN)
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Universidad Politecnica de Cataluna, 
Barcelona

CIEMAT Madrid

IFIC Valencia

GSI Helmholtz Center Darmstadt

High-pressure 3He long counters
in polyethylene moderator:
3He + n → 3H + p + 765 keV



BELEN-30 efficiency (GSI Darmstadt 2011)
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A.Riego (UPC)

Efficiency for BELEN version with 30 3He counters

Setup with implantation detector in center



BELEN-48 Hybrid Efficiency (Jyväskylä 2014)
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 Hybrid setup with space for one HPGe



BELEN-48 High Efficiency (Jyväskylä 2014)
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Up to 60% detection efficiency
 b-delayed 2-neutron emitters



b-delayed 2-neutron emission
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136Sb: P1n measurements (Jyväskylä 2014) 
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136Sb β1n correlation
(6 days of beamtime)

β – neutron

correlation

7907 net 

events

PRELIMINARY

P1n results

Roger Caballero et al.,
presented at Zakopane (2016) and Nuclear Data 

Conf. (Bruges 2016); in prep. for PRC (2017)
136Sb: Higher P1n than 
previously measured

Calibration
isotopes

Pfeiffer
(2002)

Rudstam
(1993)

Ev
en

ts

Time (10 ns)



β – two neutron

correlation

26 net events

Time (10 ns)

Ev
en

ts
136Sb: P2n measurements (Jyväskylä 2014)
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After 6 days of beamtime, 26 b2n-events confirmed!

Preliminary result:
P2n ≈ 0.1-0.2%

(Theoretical predictions: P2n= 6.2%)
Moeller et al.  2003

Roger Caballero et al.,
presented at Zakopane (2016) and Nuclear Data 

Conf. (Bruges 2016); in prep. for PRC (2017)
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The BRIKEN 
project (2016-...)

“Beta-delayed neutron measurements at 
RIKEN for nuclear structure, astrophysics, 

and applications”



BRIKEN Conceptual Design Report
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A. Tarifeño et al., J. Instrum.12, P04006 (2017)



BRIKEN Hybrid detector
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• 148 3He counters from Japan, Russia, Spain, USA 
• 2 HPGe clovers (ORNL)
• Implantation detector AIDA (Edinburg, 

Daresbury, Liverpool)

e(1n)= 69%
e(2n)≈ 50%



Setup at RIKEN (July 2016)
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Setup: July 2016
Commissioning: Nov. 2016

Experiments: May/June 2017



BRIKEN: Approved experiments

June 28, 2017 Iris Dillmann - Forging Connections 2017 22

76Co- 92Se (ca. 30 isotopes)
93Se-121Tc: 90 new P1n, 20 new P2n, 
23 new half-lives
121Rh-152Ba (ca. 33 isotopes)
145Xe-167Eu (ca. 30 isotopes)



()

June 2017

Largest global investigation of bn-emitters so far



Parasitic run (November 2016)
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Parasitic run (November 2016)
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80Cu 82Zn

19 P1n measured
5 for the first time

11h of data



June 2017: 78Ni region (full statistics)
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7500 implanted 78Ni

P1n measured 
for the first time!!

≈29 new P1n/P2n emitter
≈ 20 new t1/2 (tbc)

(Spokespersons: Tain, Rykaczewski, 
Grzywacz, Dillmann)
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Measurement of i-process 
key reactions



Intermediate neutron capture process
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135I(n,g)136I

Neutron densities up to 
1015 cm-3: „intermediate 
neutron  capture process“ 
(Cowan and Rose, 1977)

Needs neutron capture data 
outside valley of stability

"i process" calculations (F. Herwig et al., UVic)



135I(n,g): So close to stability...
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... but far away for direct 
measurements.

• Needed: (n,g) cross section at 
kT≈20 keV (He burning) 

• Why not using Hauser-Feshbach 
calculations?
 low level density at N=82 shell 
closure, not applicable at low 
temperatures (e.g. up to kT= 25 
keV for NON-SMOKER)







    









Comparison of (n,g) cross sections and MACS
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Solution: (d,p) with radioactive beams to constrain (n,g) cross section

Factor 100 difference



(n,g) vs. (d,p) reactions
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n + AZ → A+1Z + g

d + AZ → A+1Z + g + p 
Surrogate method: deduce spectroscopic strength which is needed for 
direct and radiative (n,g) capture measurements 



EMMA
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ElectroMagnetic Mass Analyser

Recoil mass spectrometer designed with 
M/ΔM>300 to separate recoils from beam

Commissioned in 2016

Proposal to be submitted in 2017 (with Barry Davids)
Experiment can be performed from late 2018 on



Summary
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• i process nucleosynthesis:
 bottle neck at 135I (N=82)
 Need measurements where statistical model not applicable due to 
low level density

• Experimentalists need to know which isotopes/ physical properties they 
should measure
 Observational constraints
 Sensitivity studies

• r-process nucleosynthesis : 
 Isotopes around N=50, 82, 126 shell closure (spherical nuclei)
 Isotopes/isobars around A≈100 and 165 (deformed nuclei)
 any other isotopes?
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Thank you!

Merci!

Follow us at TRIUMFLab


