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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
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short half-lives

Focal plane implantation detector sensitive to electron emission
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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. . B

* Limit lon rate
e Time and space ion-f3 correlations
* 2 options:

*  Wait for 1%t (3 particle
* Consider all following 3 up to
next implantation

* AT(lon-B)is Ty,



3 days of beamtime
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ort half-lives

lon-f correlation time > 5-10 x T;/, =»need to include decay chain
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AZ careful study of bg contributions
=> ion-f correlations : out of beam + ion-f position
. | —forward correlations + ion-3 time correlations
213pp->2137| — backward

=>» uncorrelated decays determined from backward-
time ion-3 correlations
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0C humerical procedure

* Long half-lives = cover many beam repetition cycles
e . Y P Y Benchmark of
e High rate = possible double implantations Analysis

Standard techniques are not available
=>» numerical fit based on Monte Carlo simulations of the implantation-

decay process including experimental | onrcnonce g s o
implantation rates and having as free parameters the B decay half life i 3 _ o \
and the B detection efficiency T. Kurtukidn-Nieto et al., NIMA (2008) - ] N
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¥ 2 fits to two independent time correlations: | resononce

e Experimental ion-f3 time-correlated spectra or
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ant results in heavy mass region
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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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If-lives with tape system
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-lives with tape system

T 00 Ny Decay curve can have many components
‘Ga B-n decay
B-deca \ => v gating helps singling out
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Nucleosynthesis: Element formation in Stars

= i 2 sets of data:

radionct g - Spectral analysis of S

radioactive — . pectral analysis ot sun

i 1] . .

nucle = 10 - Direct measurement of chemical elements on

Element = 108 Earth, Moon, asteroids, interstellar medium

formation in :;

stars 8 104
_§ . Spectra line analysis based on element- specific
_§ ¢ spectral emission lines following atomic de-excitation
< 10°

-
9
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Mass Number, A
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Nucleosynthesis: Element formation in Stars

~ 1010 2 sets of data:
Dec.ayof. “-’o S I I H fS
radioactive = - Spectral analysis of Sun
i 1] . .
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formation in ‘;
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Main Features:

- H/He most abundant

- Light elements up to A~50 (56Fe)

- Lower abundance for elements A>50, with
abundance peaks appearing at specific A
values
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Nucleosynthesis: Element formation in Stars

2 sets of data:
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Nucleosynthesis: Element formation in Stars

~— 10
\::910
108
a [
z 107
) 1
g 10
g !
"g 102 |
< oo} H ! £
z 1 ,
10_2 C0 I —— | W | (SR 5
0 20 40 60 80 100 120 140 160 180
Mass Number, A
BBN, Primordial Fusion in stars

i

200

Binding energy per nucleon (MeV)

Most stable nucleus

Fission

Region of very
stable nuclides

T I T I T | I T T
0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)

I:—

Capture processes

22/05/2023

beta-decay spectroscopy towards the r-process G.Benzoni @ INFN-Milano



@ How are elements formed? We are all made of stars (cit.)

The Universe Time Scale

Decay of
radioactive
nuclei

i Heavier elements are created in the stars:
Element Light elements created

formation in following the Big Ban
stars & 8 8 =» What are the condiitons? T, particles?

=>» What type of stars are location of «creation»?

H He=> C, N, 6Fe - .... - 238Ur- s- p nucleosynthesis

v

Big  quark-gluon proton & neutron formation of I formation of ; dispersion of today

Bang plasma formation low-mass nuclei neutral atoms formation massive elements
Tossas SI0-K 10" K 10 K | 4,000K 50 K-3 K <50 K-3 K 3K
time 10-6s 104 s 3 min 400,000 yr 3% 10%yr >3 % 10°%yr 14 %10 yr




Element formation in stars

The Origin of the Solar System Elements
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Nucleosynthesis: Element formation in Stars

REVIEWS OF
MODERN PHYSICS

Vorume 29, Numser 4 Ocroser, 1957

; P 4
Synthesis of the Elements in Stars
E. Marcarer Bureice, G. R. Bursmce, Wittian A. Fowrer, axp F. Hovie
Kellogg Radiation Laboratory, California Instituic of Technology, and

Mount Wilson and Palomar Obsersatories, Carnegie Institution of W ashinglon,
California Institute of Technology, Pasadena, California

“Tt is the stars, The stars above us, govern our conditions”;
(King Lear, Act 1V, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Judius Caesar, Act 1, Scene 2)
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VL. Details of the s Process
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Copyright © 1957 by the American Physical Sochety

. Physical Processes Involved in Stellar Synthesis, Their Place of Occurrence, and the Time-Scales
55

1957: B2FH paper sets the landscape for the synthesis of
elements in Stars

- Definition of parameters for

- Fusion in stars

- Capture phenomena

- Definiton of slow-n capture (s) process and rapid-n
capture (r) process for the creation of n-rich nuclei

22/05/2023
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Nucleosynthesis: Element formation in Stars

Decay of
radioactive
nuclei

Element
formation in
stars

High neutron density

E--O- =

Waiting point
(n,y)-(y-n) equilibrium
In r- and s- process competition between

neutron capture/photodissociation (N,Z) +n & (N +1,2),y
B- decay (N+1,Z2) > (N,Z+1)+e + v,

beta-decay spectroscopy towards the r-process G.Benzoni @ INFN-Milano
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Nucleosynthesis: Element formation in Stars

Decay of
radioactive
nuclei

Element
formation in
stars

High neutron density

—_=

ﬁ

In r- and s- process competition between

neutron capture/photodissociation (N,Z) +n & (N +1,2),y

dN,(t
L2 = 28 Nyy (8) — AN, (D)

Production Decay

Waiting point
(n,y)-(y-n) equilibrium

B- decay (N+1,Z2) > (N,Z+1)+e + v,
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Nucleosynthesis: Element formation in Stars

Decay of
radioactive
nuclei

Element
formation in
stars
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Nucleosynthesis: Element formation in Stars

S- process:
Lower Temperatures and lower n density

Low neutron flux,

Decay of
;i‘i:iactive 100000 — O(1) X % - BUT enough time to capture a Thermal neutron
10000 1N - neutron capture over a long time-scale,
plement 1000 w from 100 years to 105 years
stars = - Nucleus decays after neutron capture
5 100 Moves along the stability line
§ 0
g 1 \(‘r 3 < Tpy
o 0,1
; 0,01 \/ \
0,001 \~\
0,0001 1 ' - '
1,06-05 1,0E-02)) 1,0E+01 T4QE+04 1,0E+07
ident energy (e
Thermal Neutrons Fast Neutrons
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The s-process fluence
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Nucleosynthesis: Element formation in Stars

S- process:
Lower Temperatures and lower n density
- Low neutron flux,

Decay of :
radioective 100000 - BUT enough time to capture a Thermal neutron
nuclel
. 10000 - neutron capture over a long time-scale,
emen 5

o 1000 from 100 years to 10° years
stars = - Nucleus decays after neutron capture

£ 100 et

S Moves along the stability line

g W

B

@ 1 3 < T

@ B ny

o 0,1

o R- process:

0,01 . .
\A Explosive scenarios:
0,001 \ High temperatures and high n density
0,0001 . - : - Capture of energetic neutrons
1,08-05 108-02J1,08+01 TiQE+04 10E+07 - Many successive captures before B decay
ident energy (e 001-10s
Thermal Neutrons Fast Neutrons - Fluxis moved far away from stability line towards

very short lived nuclei [T;/,] <s
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Observatory

Science= F - g8

4

AN

2017

BREAKTHROUGH
of the YEAR

CLIANDDODA

Inizio di una nuova era: Astronomia Multimessaggera
Misura di onde gravitazionali e conseguente produzione di elementi pesanti
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Beta-decay spectroscopy towards the r-process path

Decay of
radioactive
nuclei

Element
formation in
stars

Atomic number, 2
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Nucleosynthesis: Element formation in Stars

Decay of
radioactive
nuclei

Element
formation in
stars

Cross section (barn)

1
100000 O(1) X p

10000 AN

1000 \M
100 >~

10
1
0,1 -

0,01

0,001

!

0,0001
1,0E-05

Thermal Neutrons

\

1,0E-02)/ 1,0E+01 E+04 1,0E+07
ident energy (e

Fast Neutrons

S- process:
Lower Temperatures and lower n density

=>» Astrophysical locations are Aysimptotic Giant
Branch of Red Giant stages

R- process:
Explosive scenarios:
High temperatures and high n density

=>» 3 possible sites:

- Neutrino driven wind of CCSNe = Only A <120

- Magneto hydrodynamic jets of CCSNe =» A > 110
- Neutron Star Mergers =» A > 150

22/05/2023
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Beta-decay spectroscopy towards the r-process path

T T T T T T T T T T T T T T
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nuclei
Element
formation in
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Beta-decay spectroscopy towards the r-process path

Decay of
radioactive
nuclei

Element
formation in
stars

Atomic number, 2
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Beta-decay spectroscopy towards the r-process path

T T T T T

100F =
v - process nuclides
s* S- process path
Decay of
radioactive
nuclei N W
@ & 4
2 S
Element E @  —_
formation in 5 i ﬂ
stars =
o -1 H .
s igh neutron densit
"« r-process makes very 8 Y
unstable nuclei il

1

—

1 l

1 v A 1 L 1 1
40 60 80 100 120 140 160 180
Neutron number, A/

Waiting point
(n,y)-(y-n) equilibrium

Two different concepts

1- Waiting Point = the neutron capture process stops and nuclei get closer to stability line
2- Abundance Peak = peaks of higher abundances are created
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Nucleosynthesis:

Decay of
radioactive
nuclei

Element
formation in
stars
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Element formation in Stars
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Nucleosynthesis: Element formation in Stars

[ o
= Unstable nuclide
100 |* Stable nuclide : 10°¢
Decay of
radioactive = Closed proton shell
; i i
nuclei Il Closed neutron shell gt
80+ 8
Element » 10
formation in N : e @ et O Spallation
stars @ i O Big Bang
H
-g 60 - i N [ Iron peak
c 100 o [ First peak (r)
C 1 C Iron peak [ Second peak (r)
g E FEE g 1000 Fe [ Third peak ()
- n
S 404 = 3 10° 5 1
o A B c e :
H o s First peak
1 T 107 g roe Second peak Third peak
H Simiaiei % 2 10)|_LEI Sr ros P
20 ﬁ'Decay < 10° 10° 4 / é Lanthanides  PtAu A"°
é \ Eu Th
— 0 : 107 .
Neutron capture 0 20 40 60, 80 00 120 140 180 200 220
0 T T T T £ Atomic mass number A -
0 50 100 150 b
— s-Process
Neutron number 6 i
N NS post-merger
disc simulation
§ 10°
é
é 10
3
5
2 o0
60

Atomic mass number A

beta-decay spectroscopy towards the r-process G.Benzoni @ INFN-Milano

22/05/2023

32



Decay of
radioactive
nuclei

Element
formation in
stars

Nucleosynthesis: Element formation in Stars
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Nucleosynthesis: Element formation in Stars

130
How heavy does the r-process go? o
Decay of Superheavy elements
radioactive R-process proceeds all the way above By A0 |
nuclei e . @ . \0
U, where competition with alpha decay £ @,s&*‘ss‘
— 3 100 9
Element and fission stop the process & Actinides P
formation in S
stars 09_ 3
Fission has two effects
80
1) Formation of 2 n-rich lighter ions
that enter the r-process cycle again 806 "ilo i30T 130 140 150 166 1707 U186 1867200 216220
Neutron number, N
Thermal fission of fissile isotopes
10 T T T T T 3
s gt E |
0§\
g ] g1 ¢ . E 2) Fission emits neutrons which sustain the flux
5 v 1l § i . .
AT I it » i & J The r-process is here towards its end, and most of neutrons are
"'-.‘ Y exhausted by now =» Freeze-out
| o H .s
TP e g
001 'I T T % T T
60 80 i 100 120 140 160 180
Mass Number
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Supernova

. e
l

Stable Nuclei

I+

time =0,0 hours i
>

Proton number Z

Neutron number N
from CEA Sciences - "La Physique Nucléaire”
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Nucleosynthesis: Element formation in Stars

Decay of
radioactive
nuclei

Element
formation in
stars
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Proton number, Z

Proton number, Z

Proton number, Z

110

110

110

100

90!

80

(a) t=0.14s o

100 110 120 130 140 150 160 170 180 190 200

Neutron number, N

logio(Abundance)

(b) t=12s -

‘100 110 120 130 140 150 160 170 180 190 200
Neutron number, N

(c) t=5.5Myr o

70} wuw
.

60,

T100 110 12001307 140 150 160 1707 180 190 200

Neutron number, N

logio(Abundance)

—6

logyo(Abundance)

Stopping the video at different stages

Before freeze-out
(n,y) 2 (y,n) are blocked by low n density
n captures dominant

After freeze-out
p decay becomes dominant

Well after r process is ended

Gray shaded area,
theoretical extension of
the process
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Nucleosynthesis: Element formation in Stars

Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

High neutron density

ﬁ

Waiting point
(n,y)-(y-n) equilibrium

Crucial inputs from experimental nuclear physics are
» Masses

» P-decay rates

» Branching Ratios

» n-capture cross sections

How do we produce exotic nuclei???

22/05/2023
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Measuring  decay

Decay of °
. . 4
radioactive 10 2
nuclei ©
-c 1 —
c E
N > =
Element R 10° = -
. . @ B
formation in £ £ =
= ] -
stars z 9 107"
L [42] =
€ 10? > C
2 [} -
Example of < = N
measurements g 102 1]
of b-decays 10 =
P T VTR SITETILIPAT i (RTINS R S | 1
2.6 2.65 27 275 o :
Mass to charge ra 8 L
3 1
Newly measured < =
T 3 - - ; L
1/2 - y ,
£ Tt o9 1
) |r- (& o g |
(g‘ - L‘Ff s d L i |
PRL 114, 192501 (2015) PHYSICAL REVIEW LETTERS Pt 7) - ‘]5'« I 'i )
g F | I ;
f-Decay Half-Lives of 110 Neutron-Rich Nuclei across the N = 82 Shell Gap: Implications o 1 0‘2 - ""i;“
for the Mechanism and Universality of the Astrophysical r Process )] E |
G. L{)russo" S. Nishimura,"* Z. Y. Xu,"*® A. Jungclaus,” Y. Shimizu,' G. s . Simpson.* P-- A, sodemmm - ’
H. W.lldn.lhe *F, Bmwne“[ P Dnnmenh.ll G. Gey,"® H.S. Jung, "B Meyer T. iummm J. Taprogge. L4 N LI TR N A PRI BRRRR || I N |} S E———"
Zs. V.,i_]hl * ) W, l"H Baba,' G. Bemum 7K. Y. Chae."" . C. L. Crespi.! N Fukuda,' R. Gerhiuser.' N, lmbe 8 100 120 140 160 180 200 220 240
T. Isobe,' T. Kajlno 'D. Kamuda G D. Kim,” Y.-K. Kim,2>* 1. Kojouharm FG Kondev,” T Kubo,' N. Kurz
Y. K. Kwon,” G.J. Lane,” Z. Li,' A. Montaner-Pizd,”’ K. Mcschner F N’Iq\‘l M Niikura,” H. Nl\hlb’lld MaSS number A
A. Odahara, R. Orlandi,” Z. Patel, Zs. Put.lnlyﬁk.J H. S'.\kur.n SH. §Lh.1ffner P.Schury,' S. Shlh.lg.lk\ K.Ste‘\ger,m
H. Suzuki,' H. Takeda,' A. Wendt,” A. Yagi,” and K. Yoshinaga™
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Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Measuring  decay

PRL 118, 072701 (2017)

PHYSICAL REVIEW LETTERS 17 FERRUARY 2017

Atomic number Z

Counts

94 p-Decay Half-Lives of Neutron-Rich ssCs to ;Ho: Experimental Feedback and By Py
Evaluation of the r-Process Rare-Earth Peak Formation N e m
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E N\
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® This Work

A Previous
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Neutron number N
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General Properties of § decay

— s
o 0 |3
Evolution towards the n-rich side: L e p- .
Decay of Qg_generally gets larger while Sn gets smaller TT;X;S;?(EX)'JC(QVEX) P, 5 E— /
radioactive 5 Ry| = T R P ,}7/”"‘“-
nuclel Conditions for B delayed neutron emission & ol n) 1T & S S,
Element p_% A\Zx B~ Fx 4 [ — l (g
formation in A T I o
stars A N+ 7 A+1NY2+1 n Zsﬂ(Ex)'f(Qﬂ —Ex) AZ AZ+1 A-1,Z+1 iy 1(E,)
plE] ?Quasi- ¢ sﬂ(Ex)_ flo ﬂ_EX T
Example of A “tates b
measurements PB T —
ofb-decays > "y ; B-delayed neutron emission occurs when Qg > S, in
g i the daughter nucleus
S gy T,/, and P, convey information related to 3 feeding
£1Qy
s - Yy v
5 Ty T,/, yields information on the average [3 feeding
Y P, yields information on 3 feeding above Sn
V A Discrete states
\/ . . . .
v — P, are difficult to predict theoretically since the
reflect the “shape” of the [3 strength function and
fine structure on the nucleus
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Decay of
radioactive
nuclei

Element
formation in
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Example of
measurements
of b-decays

Measuring  decay

During ,Freeze-out”:
detour of B-decay chains
5 r-abundance changes

During , Freeze-out“:
enhancement of neutron flux
5 r-abundance changes

2%0h 53m 185
W2t hy 781,
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Sensitivity study of inputs for nucleosynthesis modeling

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

Decay of Impact of uncertainties in Ty, P,
radioactive

nuclei a 1w0?

Element
formation in
stars

Y(A)

Example of
measurements
of b-decays

Y(A)

Y(A)

80 100 120 140 160 180 200 220 240 80 100 120 140 160 180 200 220 240
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Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

¢ This work 4 Lorusso et al. == FRDM+QRPA  =-= FRDM+QRPA+HF = RHB+pn-RQRPA
i;}ll&rc SH:IR" i;“z"Rh z'de : EE \ l?lmCd
of - 1 hi ¥
\ \“v\“ \ =N K
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E ) )\, 1 , T
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Neutron Number
Thiswork 4 Prev.Exp. === FRDM+QRPA ='=FRDM+QRPA+HF  ==RHB+pn-RQRPA  ='*'EDM
107
:;541(»1.0 ualleu gs’ijh zx-lzxpd o, ‘1,§7'”°Cd
" Pt} }
e G, B R k
;*'*1 { .L i ;i 7 i ? L8k § % ;
10; 3 RAZR > J W g T .*j [ Y '¢4 .
Y B |
= Tyt Ly /\/ e R / &
| ’ 4 i
W i LW~
1 3 P 53 A it
1.
/,"/
iy L0
'l\' v
1 I [ | ST I T T I 11

7 73 7273747576 77 7374 7576 77 718 19 75 76 777879 80 8182 77 78 79 80 81 82 79 80 81 82
Neutron Number

FRDM+QRPA= cut-off approach: above Sn a neutron is emitted
FRDM+QRPA+HF = statistical decay and y-ray emission explicitly at
every stage

EDM = semiempirical effective density model

Py Ltters B B16 (2021) 136265
Contents lists available at ScienceDirect
fr—
Physics Letters B
wwwelsevier.comlocate/physlets
pB-delayed neutron emission of r-process nuclei at the N = 82 shell m
closure ]

0. Hall**, T. Davunon A. Estrade”, ). Liu““, G. Lorusso“*"', F. Montes ¥, S. Nishimura“,
V.H. Phong L P): Wocds , J. Agramunt’, D.S. Ahn“/, A. Algom M. Allmond‘ H. Baba“,
S.Bae™ N.T. Bmwer .l CC Bruno?, R. Caballero- Folch F. Calviiio®, PJ. Coleman-Smith ",
G. Cortes I. Dillmann ™4, C. Dommgo Pardo’, A. rualkuwska N. fukuda S. Go*,

CJ. Griffin?, R. Grzywacz' ,J. Ha"™¢, LJ. Harkness-Brennan®, T. Isobe ‘, D. Kahl*,

LH. Khiem"", G.G. Kiss “", A. Korgul", S. Kubono®, M. Labiche”, I. Lazarus”, J. Liang*,
Z. Liu™Y, K. Matsui “*, K. Miernik", B. Moon **, A.I. Morales', P. Morrall?,

M.R. Mumpower ", N. Nepal”, R.D. Page*, M. Piersa‘, V.EE. Pucknell ", B.C. Rasco*,

B. Rubio’, K.P. Rykaczewski*, H. Sakurai ‘%, Y. Shimizu®, D.W. Stracener ¥, T. Sumikama*,
H. Suzuki®, J.L. Tain', H. Takeda“, A. Tarifefio-Saldivia®, A. Tolosa-Delgado’,

M. Wolifiska-Cichocka **, R. Yokoyama'

The P;,, values reported in this work show a regular
trend for most elements, of increasing neutron
emission probability as neutron number increases.
Some odd-even staggering in the Plnvalues is
observed for the lighter elements, such as Tc, Ru
and Rh, though this is seen to diminish for nuclei
close to Z=50where a smoother increase is
observed.

The predictions of the FRDM+QRPA and
FRDM+QRPA+HF calculations reproduce this trend
well across all isotopic chains, matching much of the
stagger-ing that is observed in the experimental
values

BUT models who work for T,/, do not reproduce Py,
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Measuring the 3-decay Properties of Neutron-rich Exotic Pm, Sm, Eu, and Gd Isotopes
to Constrain the Nucleosynthesis Yields in the Rare-earth Region
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Element §.? = st"’*
o 1gm =126 m
formation in - . _1x|(r‘
stars Figure 12. The arrows show the total abundance flow (same %u.mnly as in panels (g)-(i) in Figure 11), averaged over the generated samples in the neutron-star merger
scenario. Red u)m\punds to the case where the half-life of '°*Sm is shorter than 0.20 [s]. and blue shows a half-live longer than 0.55 [s]. Panels (b) and (¢) focus on
the flows from '">Gd and '**Gd, respectively. The propagated influence of the half-life of '**Sm is visible, which results in affecting the final abundances.
Example of
measurements
of b-decays 10°
i t=0.732[s
96 10—1 4 [ ] F
. . Q 10—2
The new data not only constrain the theoretical 88135 107¢1
~
. . . —11 s
predictions of half-lives and B-delayed neutron- go4 10 10
emission probabilities, but also 72 - 10 10° 10° 106
. . . = Time [s]
allow for probing the mechanisms of formation of 5 .
e - 10~
. . o
the high-mass wing of the rare-earth peak located &
- . . . . L 10—10
at A= 160 in the r-process abundance distribution
through astrophysical reaction network 1012
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-—- FRDM2012 data limit
S 10716
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Neutron
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General Properties of § decay

SoDENEOoEEEED
b SooooooOoOoEEEDE
EEEEEEEEEE L
= DENEEEEDEEE oom
CDNEENENEEEE oEE
B CEEEEEEEEEETE mom
DDEDDONEEDEnE oom
Decay of B I ] T amn
di i CE CEEEEEEEEE L L
- DoOOOoooOOoNONDEEE moo
radioactive DODOEENEEEEEEEE o@ ]
nuclei “ OOODEOOOOOONONENCO NGO N ooE
EEEEEE L EEE L oom
“ooDooDooDoNDEEE O D000 oom
~ jOEEECDODONNEDNEEENNEEE oo
CHOODOODOMOEEENR OO 00000 om
Element TEEEEEE R LI =@
. N EEEEEEE T
formation in EEEEEEE L EEE
“hOoomosemoono
stars fopooom ooe o W:: iKnown
pOMOMEEDNO00 o m  Stable
fomcmoooooom = ®  Q(bln) > O keV
Examble of oEEoe Z<57 B Q(b2n) > 0 keV
p TLEEEE ®  Q(b3n) > 0 keV
TEEELE]
measurements ~jopooom &' 'Q(b4n) >0 keV.
= =1=1-1-1"] O Measured P(1n)
of b-decays T I A A A e e
~
- ONEODECEONECNEONNONENCOENNENEENCN0EDNEEEE0E
DO0ODOONODODOODDOONI0NNNNN00DNNNONONEEEaE
" NOEONEODNCONONODCOOCNCDDDOOIOENEDNONOENNEDENEnEaaN
R EEE R E G T L T
- OO0 DDDNONOONNENDDNDDNO0N0NNON0NNNEREEE
DONONNOENODNNONOENONNDNONONOONNOINNONNOONNONEEEE
© 5] R )] oooom EEEEEEEEEEELE
(]3] EEEEEEEEELE cooome (=]
= poEooo FEEEEEEEELE] 11
noEooEE FEEEEEEEELE oom
W EEEEEEE]E] EEEEEEEEELE oE@@
EEEEEEEE] EEEEEEEEEL opooe
U EEEEEEEE] OOODODONONENNNONOO00000
TEEEEEEEE] EEEEEEEEE L R EEEEEEE T
A EEEEEEEE goooomOEEN FEEEE
~ jooooooEo OoooooMmon CTT
njoooDEoooe omo moo
TEEEEEEE] oo oooo
U] un mpooo
TEEEEEEE] FEEEEEEEEL
efOODOOMONONENONOD000000
EEEEEEEEE T
“HONONCNNENNOO00000000
TEEEEECTEE DooEEEE
“po T ooE @ Known
=] goooa a m Stable
6@
+HHH —+ 7>57 ® Q(bln) > 0 keV
w:g gD :l ® Q(b2n) > 0 keV
MTEERE O Measured P(1n)
W T T T T T T R T

2 104 106 108 110 12 14 16 18 120 122 124
[

Available online at www.sciencedirect.com

J ScienceDirect

Nuclear Data
Sheets

Nuclar Data Sheets 168 (2020) 1-116 —_—
www.elsevier.com/locate/nds

Compilation and Evaluation of Beta-Delayed Neutron Emission Probabilities and
Half-Lives for Z > 28 Precursors

J. Liang,' B. Singh,"* E.A. McCutchan,? I. Dillmann,>* M. Birch,! A.A. Sonzogni,? X. Huang,” M. Kang,” J.
Wang,” G. Mukherjee,® K. Banerjee, D. Abriola,” A. Algora,®® A.A. Chen,! T.D. Johnson,? and K. Miernik'®

Little data for heavy nuclei:
- Difficult access to nuclei
- Difficulty in measuring neutrons

22/05/2023
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General Properties of § decay

Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

How to evaluate P, ="mtecos

Ndecays

N => best method. Only one absolute efficiency is needed, for the
1 Ngn neutron detector
&n Nﬁ => the true signal has to be separated from contaminants using the
decay curves, for which the proper knowledge of the different
half-lives (T1/2) is needed.

1- n/B: coincidences btw n-B P, =

B Ngn = needs two efficiencies
&n N[)’ =>this method could beadvantageousin cases were the
detectors cover a solid angle close to 4pi

2- n/P separate but simultaneous P, =

3- lon counting P.= M = The "’i'0|'f1” method relies on direct ion-counting. Difficult at low-energy
Nions ISOL facilities

4- y—v: Total counting of all y-rays emitted by daughter and/or n-daughter, but no
counting of neutrons is carried out.
Pn _ gy,daughter*Iabs,daughter,y/sy,final*labs,final,y
Nfinal,y

Ndaug hter.y

22/05/2023
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Detecting a 3 v n particles: reminder of basic properties

Decay of
radioactive
nuclei

Element
formation in
stars

‘\@‘ Bremsstrahlung

o particle: massive, charged
=>» interested in energy, angular distribution
=>» spectrometers, Si, plastic detectors

[ particles: light, charged

Iwn e track => interested in energy and correlations beemssiratiung
Example of radiation \K =>» et annihilates into two 511-keV y rays j .
[I}T;“gfa"y‘f e =>» spectrometers, Si, plastic detectors ? —.:;.
Ly
10° "rr _Pl'”h 1
5 IR e .
e NG v particles: massless, neutral
ol Chmpton = interested in energy and angular distributions N @ ————e  cwudeee
el Pair_ phiteElertric =>» HPGe detectors, inorganic scintillators pectmn
Neutrons: massive, neutral
=>» interested in energy and correlations
=>» measured indirectly via capture reactions 2 ways:
=>» liquid scintillators, inorganic scintillators - TOF
- 3He counters
beta-decay spectroscopy towards the r-process G.Benzoni @ INFN-Milano
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General Properties of § decay

Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Commissioning of the BRIKEN detector for the measurement of very exotic 8-delayed

BEta-delayEd Neutron detector (BELEN): neutron emitters
48 3He Cy| indrical counters in Po |yethy| ene moderator A. Tolosa-Delgado®, J. Agramunt®, . L. Tain®", A. Algora®, C. Domingo-Pardo*, A. L. Morales*, B. Rubio*, A.
L ] T
[ /. ] § ;
[ 7 8 noise »
Al degrader Neutron ..:.. e n NIMA 925, 1 May 2019, Pages 133'147
€ f JOLXXMR 4 ===
Neutron-rich ions ::: "1.;'::" ...: 50cm -‘ 2000 ik neutrons :
Light i iy ¥ < '
ight ions ) o h
........:. o 200 400 600 800 1000 1
Si DSSD L He tube energy [keV] a
u
[ ]
L ] Ui Figure 7: Distribution of energies regisiered in the *He tbes of the BRIKEN 5
[ | n:nm;::um ‘The spectrum u;n“‘ums Ilmlsufn urL all JHr,;nitm Hg?;h in one "
T e o e s e |
o

He counters

Successful 5-years BRIKEN campaign to measure 1n and 32n emission

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

The neutron reactions involved in the case of a 3He counter are four:
1.1. 3He recoil 3He+n-> 3He'+n' (elastic scattering),

2.2.(n,p) 3He+n—->p+T+764 keV,

3.3.(n,d) 3He+n->?H+?H-3.27MeV,

4.4, y-rays.

W
-
-

4
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https://www.sciencedirect.com/science/journal/01689002/925/supp/C

General Properties of  decay

Decay of
radioactive
nuclei

Element

* 3He counters

» B-Riken (Japan)

» Tetra (Dubna-Orsay)
» 3Hen (Oak Ridge)

> BELEN (GSI-FAIR)

v'High angular coverage
v’ High efficiency (~65 %)

~ Flat efficiency in large
range of energies

X No energy information
X Difficult to disentangle

1n,2n

Existing arrays

* TOF counters

» VANDLE (Oak Ridge)
» MONSTER (GSI-FAIR)
» TONNERE (GANIL)

» DESCANT (TRIUMF)

v'High angular coverage

v' 1n — 2n discrimination

~ Good Resolution

~ Position independent eff.
X low detection threshold
X high background
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Nucleosynthesis is a gradual, still ongoing process:

Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

H, He

Condensation

Interstellar
medium

Remnants
(White dwarf,

neutron star, black hole)

Nucleosynthesis

continuous
enrichment,
increasing
metallicity

M > 0.7M,

Life of a star

Nucleosynthesis:
Stable burning

106-10 y

Nucleosynthesis:
Explosive burning

Death of a star
(Supernova, planetary nebula)
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Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

Conclusions

B-delayed n-

emission
branchings

(final abundances)

B-decay half-lives

(progenitor
abundances,
process speed)

production

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

Fission rates and
distributions:

* n-induced

e spontaneous

* B-delayed

n-capture rates
Smoothing progenitor
abundances during
freezeout

v-physics

?

Masses:

* Sn location of the path

* Qg, Sn theoretical B-decay properties,
n-capture rates
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Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

Conclusions

B-¢
en
br:
(fin

B-deca

(progei
abund:

proces

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

Fission rates and
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Neutron number
- \ Masses:
Seed * Sn location of the path
production * Qg, Sn theoretical B-decay properties,

rates n-capture rates
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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

Competition with 3Hen / Tetra

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

Currently measuring
at IDS ISOLDE




ampaign: measurement of Pn values at RIKEN

BRIKEN project: Sweep along the nulcear chart |-

Known
Stable 11
Q(b1n) > 0 keV

Q(b2n) > 0 keV
Q(b3n) > 0 kev
Q(b4n) > 0 keV
Measured P(1n)
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Q(b1n) > 0 keV

Commissioning 2016:
17 nuclei between 33Na and 43Si

Q(b2n) > 0 keV
Q(b3n) > 0 keV
o) T Q(ban) > 0 keV ||
O NewP, data " Measured P(1n)
£ New Half-life Measured P(2n)
b ) “ “ ) ‘sa' 2 “
Known
Stable

Q(bln) > 0 kev
Q(b2n) > 0 keV |4
Q(b3n) > 0 keV [
Q(ban) > 0 keV
S(n) < 0 kev

O New?P, data
£ New Half-life

sRem=N-0 N N N N N N

P(1n)
Measured P(2n)
Measured P(3n)
Measured P(4n)

x|

%% ® @

= 11 new P, values, 7 new t,,,

Experiments 2017:
251 nuclei measured between 64Cr and 7°Gd
= 172 new P, values, 53 new t,,



BRIKEN campaign

Collection of all available He3 tubes in the world 5 AIDA
O
Coupling to Clover det. for ID and decay checks \;EI& 3 CLO\\/ER DSSD (AIDA
. . . 22 ront-en
AIDA layers as active implantation det. g o G _—Z |8 electronics
\ 7 ¢ Z l

s ) l 1 AIDA

—> | MUSIC ’ m | i\ lastic
Strong intensity from RIKEN acc. Complex e : l

Degrader
so00y PE *He tubes

counts

4000

2000 neutrons

[ 200 300 500 800 1000
®He tube energy [keV]

Figure 7: Distribution of energies registered in the *He tubes of the BRIK
70 neutron counter. The spectrum contains the sum of all *He tube signals in
0. run. The shaded area represents the range of signals accepted as valid neu
o~ 60F signals. See text for details.
—
c
w 50
- A : Total : Ring4
40 4 :Ring! 4 :Ring5
30 : Ring2 : Ringé
A :Ring3 & :Ring7
20

E, [MeV]

Figure 4: Efficiency of the BRIKEN neutron counter as a function of neutron
energy. The total efficiency (black symbols) and the contribution of each ring
(colored symbols) is shown. See Fig. 3 for the definition of rings.

shielding moderator

azxmo ome 4

«gure 1: Arrangement of elements in the experimental setup mentioned in the
«t. The drawing is not to scale.

Commissioning of the BRIKEN detector for the measurement of very exotic g-delayed
neutron emitters

A. ToIosq-Delgado", J Agramunt‘_’, J. L. Tain®*, A. Algora®4, C. Domingo-Pardo®, A. I. Morales", B. Rubio®, A.

Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment

Volume 925, 1 May 2019, Pages 133-147



https://www.sciencedirect.com/science/journal/01689002
https://www.sciencedirect.com/science/journal/01689002
https://www.sciencedirect.com/science/journal/01689002
https://www.sciencedirect.com/science/journal/01689002/925/supp/C
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