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Outline of the lessons:
PARTI: General concepts

How to measure [3 decay in exotic nuclei
PARTII: B decay Gross properties T, , and P,
PARTIII: High resolution vs TAS



Quantities that can be extracted in a 3 decay experiment
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Introduction

Producing radioactive beams

relativistic fragmentation/fission of
heavy nuclei on thin targets
 >50 MeV/u = production of
cocktail beams of many nuclei
e Use of spectrometers to
transport/separate nuclei of interest
=>» Relatively long decay paths At
> 150-300 ns
* Nuclei are brought to rest in final
focal plane and let decay

+ cocktail beam: many nuclei at once

+ both short and long-living species

+ get information already with few

particles

- Low cross sections

- Limitation on rate to distinguish
contribution from each species
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Abrasion Ablation

ISOL method,
spallation/fission/fragmentation on thick
targets, followed by chemical/physical
processes to extract desired nuclei

* beams produced at very low energies (60
keV)

* Mono-isotopic beams sometimes
achieved. Impurities due to few
contaminant species =» usually long-living
though

+ high cross section

+ no need to re-accelerate beams

+ high rates accepted

short-living species might not be accessed
easily

Refractory elements

Presence of long-living impurities
(isobaric contamination)



short half-lives

Focal plane implantation detector sensitive to electron emission

VoY o4

—
Sistripsd 4 4 4 4+ 4 4 4

The waiting time between particle implantation and S-particle (or i.c. electron)
emission is a measure of the decay half-life. Gamma rays emitted following
these decays are detected by the RISING array. A B
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* Limitlon rate
* Time and space ion-§3 correlations
* 2 options:

* Wait for 1t 3 particle
e Consider all following B up to
next implantation

* AT(lon-B)is T,



3 days of beamtime
238 @ 345MeV/u
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ort half-lives

lon-f correlation time > 5-10 x T, , =»need to include decay chain

T, = 35 ms Longer correlation to better estimate the bg = include more decays
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FRS Identification asuring Iong half-l ives
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Az careful study of bg contributions
=» ion-f correlations : out of beam + ion-f position
. —forward correlations + ion-f3 time correlations
. — backward

=» uncorrelated decays determined from backward-
time ion-f correlations

New spectroscopic information
in 219PO 211-212-213T|
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¢ numerical procedure

* Long half-lives =» cover many beam repetition cycles
* High rate = possible double implantations

Standard techniques are not available

=>» numerical fit based on Monte Carlo simulations of the implantation-
decay process including experimental

implantation rates and having as free parameters the B decay half life
and the B detection efficiency T. Kurtukidn-Nieto et al., NIMA (2008)

2 fits to two independent time correlations:

e Experimental ion-f3 time-correlated spectra
e Calculated time distribution obtained from Monte-Carlo
simulations

Fitting function: ratio of forward/backward time-distribution functions
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FRDM+QRPA and DF3 + QRPA models in
agreement with our measurements

G.Benzoni et al.,, PLB 715 (2012) 293
A.l.Morales et al., PRC89, 014324 (2014)
A.l.Morales et al.,PRL113, 022702 (2014)
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ant results in heavy mass region

The description of
first-forbidden (ff) transitions

using macroscopic statistical models

seems a good approach for these nuclei

at variance from N<126 nuclei
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alf-lives with tape system
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0-
0,
Tz = 0.09s 0%
84Ga B-n decay

Decay curve can have many components
=>» v gating helps singling out

B-deca

2 keV 100‘;@\, 306.5|keV
I

Activity of daughter nucleus “As “As

Activity of grand-daughter nucleus
=> Measuring T,,, of mother
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on of the elements

Nucleosynthesis is a gradual, still ongoing process:

Dense clouds

Condensation

M>0.7M,

Interstellar
medium

Life of a star

continuous
enrichment, Nucleosynthesis:
increasing Stable burning
metallicity

10510
Dust mixing
Nucleosynthesis:
Remnants Explosive burning
(White dwarf,

Death of a star
(Supernova, planetary nebula)

neutron star, black hole)

Nucleosynthesis




Nucleosynthesis
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Most of the heavy elements (Z>30) are

formed in neutron capture processes, either -
the slow (s) or rapid (r) process p process &

B Mass known

[[] Half-life known
[ ] nothing known

stellar burning

S process

protons

» heutrons




r-process basics: Element formation beyond iron involving rapid
neutron capture and radioactive decay

E—
, _ B-decay
High neutron density
M
Waiting point

(n,y)-(y-n) equilibrium

Classical picture based on (n,y) <-> (y,n) equilibration interrupted at waiting points
New approach sees r-process arising from an interplay between many processes such as
(n, y) <->(y,n) <-> B decay <-> 3 -n decay

Crucial inputs from experimental nuclear physics are
» Masses

» [-decay rates
» Branching Ratios
» n-capture cross sections




3 peaks in solar abundance curve:
A= 80 130 195
N= 50 82 126

120

100

—
——
—
—
b—
—
b
y -
—
-
-
-~
—
—
—
—

-
=N
mi\Y

80

60

Proton Number Z

40

20

FETTEET P feevrvrerepree et

60 80 100 120 140 160
Neutron Number N

-
o
—
4
-




10°

10?

Atomic number Z

Mass to charge ra

Newly measured T, ),
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PRL 118, 072701 (2017)

PHYSICAL REVIEW LETTERS

week endin

17 FEBRUARY 2017

94 f-Decay Half-Lives of Neutron-Rich ;;Cs to ,Ho: Experimental Feedback and

Evaluation of the r-Process Rare-Earth Peak Formation

Newly measured T, ,
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Evolution towards the n-rich side:
Qg_ generally gets larger while Sn gets smaller QB—

syt . . ey e e kev
Conditions for § delayed neutron emission Ll ol L
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Pa= Os . =>» neutron emission competes and can dominate over y-ray
% SplENfIZ.R.Op—E;) de-excitation
The process will dominate far from stability on the n-rich side:
Qg increases with A
Pn =» gives info on decay above Sn =» stringent test on [3-
strength function




lelayed neutron emission

The knowledge we have on
nuclear structure and
dynamics is based on about
3000 nuclei, whereas still
more than 5000 new nuclei
must exist.

B-delayed neutron
emission probability

stability

P,: Moeller et al PRC67(2003)
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Almost all these new nuclei
are expected to be neutron
emitters, and hence, an
understanding of this
property and the involved
technigue becomes of
pivotal impotance for NS and
future studies.
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* Practically all NEW nuclei, are expected to be neutron emitters!



Impact on r-process abundances

During ,,Freeze-out”: During ,Freeze-out”:
detour of B-decay chains enhancement of neutron flux
5> r-abundance changes 5 r-abundance changes
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3ta-delayed neutron emission

B-delayed neutron emission occurs when Qg > S, in the daughter nucleus
T,,, and P, convey information related to 3 feeding

T, , yields information on the average b feeding
P, yields information on b feeding above Sn

P, are difficult to predict theoretically since the reflect the “shape” of the b strength
function and fine structure on the nucleus

p- % 1
1 Z n
— =D S,\E, ) f\Qs-E, S -
T, Zo: o(£) 110, -E Qg Y e A
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Beta-delayed neutron emission

* B-delayed neutron emission may happen when the g-decay energy window Q, exceeds the
neutron separation energy S, in the daughter nucleus. First reported by Roberts et al. in 1939.
* The half-live T,,, yields information on the average B-feeding of a nucleus.

* P, yields information on the p-feeding above the S,

Credit: Q. Zhi et al., Phys. Rev. C 87, 2013
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Despite of the relatively simple Pn “definition”, Pn values are rather difficult to predict theoretically,
as they are reflecting the “shape” of the b-strength distribution and the underlying fine-structure of

the nucleus at high excitation energy (!).



The BEta deLayEd Neutron detector (BELEN) array
of 3He tubes arranged in crowns around the beam
hole embedded in a polyethylene matrix.

Coupled to B—y detectors

Currently measuring at B-Riken

VANDLE array : plastic scintillator bars, coupled
to B—y det.
neutron multiplicity and energy via TOF

Currently measuring
at IDS ISOLDE




layed neutron emission close to N=126
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ity study of inputs for nucleosynthesis modeling

M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86-126

Fission rates and distributions:

e n-induced

e spontaneous
B-delayed n-emission o B-delayed
branchings
(final abundances)

il
B-decay half-lives u_l_u_gj-ul
(progenitor abundances,
process speed)
n-capture rates
Smoothing progenitor

abundances during freezeout

v-physics ?

~ Masses:
1" Seed production * Sn location of the path
rates * Qg, Sn theoretical -decay properties,

n-capture rates



nputs for nucleosynthesis modeling

® FRDM+QRPA M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86-126
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Decays with low Qgs have a smaller ‘window’ for energetically-allowed transitions, thus GOOd reproduction in r-process
fewer transitions are available, and the difference QB - Ei is much more sensitive to . .
small variations in predicted transition energies. Most of the decays relevant for the r |nVO|Ved nUC|e|

process, on the other hand, have short halflives and large QB values, and even the
schem



of inputs for nucleosynthesis modeling

M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86-126

Impact of uncertainties in T, P,
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