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Measured P_ values versus expected

(*) https://www-nds.iaea.org/beta-delayed-neutron/
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Nuclear power reactors: delayed neutron fraction

* Some fission products are pn emitters

* They contribute with a small fraction (f<1%) to the total
number of neutrons in a reactor

* They are however essential for the mechanical control of
reactor power

Fission yields as a function of A
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Microscopic summation calculations of Vv,

A more fundamental and generic

approach to the estimation of {3 Number of delayed

Microscopic summation calculations neutrons per fission

lack still the accuracy of Keepin six- ,

group formula v, :ZYl -P
l

Reason: inaccuracies in fission yields
Y and delayed neutron emission

probabilities P, Can be used to identify P,
Improvement of P, values and values that should be

comparison with integral revisited
measurements can constrain Y
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Astrophysics: The r-process
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R-process: A short and very high neutron flux
(n_>10%° g/cm?) produces very neutron-rich

nuclei by successive neutron captures in a
short time, which then decay to stability.
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The r-process astrophysical site: Core Collapse Supernova Event

Complex explosion mechanism 3D simulation
G e e Burrows, Nature 589 (2021) 29
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The r-process astrophysical site: Neutron Star Merger

GW170817:
First detection
of GW from
NSM

Abbott+,

PhysRevLett 119
(2017) 161101
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Importance of T, ,,and P values in r-process nucleosynthesis
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Comparison of global calculations: P_

How reliable are the calculations?

FRDM+QRPA
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abundance

abundance

Impact of P_
Arcones+, PRC83(2011)045809
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Measurement of P_ values

* The best method is by direct detection of the neutrons emitted

* Neutrons are neutral particles thus their detection require the
production of electromagnetically interacting particles

* Reactions used: nucleus scattering, charged particle producing
reactions, radiative capture, fission

e A useful reaction is 3He(n,3H)H, with Q=+764keV which has a
large cross-section at thermal energies

10° —— — * 3He s a (rare) gas that
. can be used as the

o sensitive gas of

— proportional counters

Cross Section (barns)

102 108 10* 10
Energy (eV)




* Moderation of neutron energy by scattering on hydrogen is
very useful to thermalize its energy
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Moderated neutron neutron counter

* Array of *He filled proportional tubes inside a neutron
energy moderator polyethylene (PE) matrix
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Experiment at ISOL facility: production and selection of isotopes

JYFL Accelerator Laboratory JYFLTRAP Penning
trap: isotopic purification

IGISOL separator +
ion guide source:
refractory elements
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Experimental setup: * 30keV beam implanted on tape
BELEN-20 detector * Sior plastic detector for 3 detection

20 ©2.5cmx60cm 3He tubes @20atm ° HPGe detector for y detection
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Self triggered DACQ:
-Time-energy pairs for every
neutron or f3

-Clean noise separation
-Minimum dead time:<0.5%




Data analysis

To obtain P, we need to count the

total number of decays and the
number of decays followed by n

emission

For this we count 3 and n or 3n

coincidences

We need to disentangle the
counts from the nucleus of
interest from other nuclei
For this we measure grow
and/or decay curves of the
activity and fit with
appropriate solutions of the
Bateman equations
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Solution of Bateman a / bip — A / bos g bm-{,n}v P
equations from Skrable et al., ]\%’ NN ]}[2 N\ T ]
Health. Phys. 27 (1974) 155) P, P, p

Equations:
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Determination of average
efficiencies (nucleus dependent):
source of systematic errors
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Experiment at fragmentation ‘-}‘j N

facility: production and

selection of isotopes
345 MeV/u 28U + °Be(4mm): ~
fragmentation/fission RIBF

—

AE-TOF-Bp method with track reconstruction - Improve Bp and TOF resolution
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Advanced Implantation Detector Array (AIDA)
* Stack of six Si DSSD
* Size: ImmXx72mmx72mm
e Granularity: 128x128 pixels (0.51mm strip)
* Low gain (implant) and high gain (betas)
preamplifiers
* Total data readout DACQ (1536 ch)
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* Implants and betas are distinguished by Implant position
the energy released in the detector distribution
* Betas corresponding to each implanted p e T s

ion are associated by spatial correlations
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BRIKEN neutron counter Tarifefio+, JInstr1(2017)P04006

Hybrid setup:

- 140 3He tubes
(4 types)

- 2 CLOVER HPGe

Geant4 calculations for BRIKEN hybrid-140 (Jull6)
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BRIKEN Gasific70 DACQ:
*He tubes, CLOVER,
ancillaries
SIS3316 and SI1S3302
digitizers
Self triggered,
common clock
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Data analysis:

Each implanted ion in AIDA is

identified using the information

from BigRIPS in prompt
coincidence

The associated 3 decay is assighed

to the identified ion on a
statistical basis from implant-f3

space-time correlations (delayed

coincidence)
Random coincidences are

quantified from the backwards in

time correlations

Fitting with appropriate solutions
of the Bateman equations serves

to separate parent from
descendant f3 signals

Tolosa+, NIMA925(2019)133
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Appendix: Measurement of B-delayed neutron spectra

3He detectors
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Fig. 7. Relative efficiency of the 3He fast neutron spectrome-
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Time of Flight Spectrometer

start ~ stop

Start: n-generation related signal
Stop detector: organic scintillator
(liquid for y/n discrimination)
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Geant4 simulated Energy vs. ToF
response matrix

ToF spectrum deconvolution using
EM algorithm (Bayesian iterative)
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