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Outline	of	the	lessons:
PARTI:	General	concepts

How	to	measure	b decay	in	exotic	nuclei	
PARTII:	b decay	Gross	properties	T1/2	and	Pn
PARTIII:	High	resolution	vs	TAS



Quantities	that	can	be	extracted	in	a	b decay	experiment
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Producing	radioactive	beams	

relativistic	fragmentation/fission of	
heavy	nuclei	on	thin	targets
• >	50	MeV/u	è production	of	

cocktail	beams	of	many	nuclei
• Use	of	spectrometers	to	

transport/separate	nuclei	of	interest
è Relatively	long	decay	paths	Dt	
>	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

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	è 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)
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IONb

Measuring short half-lives

• Limit	Ion	rate
• Time	and	space	ion-b correlations
• 2	options:

• Wait	for	1st b particle
• Consider	all	following	b up	to	

next	implantation

• DT(Ion- b)	is	T1/2



RIBF80+RIBF49	experiment	at	RIKEN

3	days	of	beamtime
238U	@	345MeV/u
Ibeam~	10	pnA
BigRIPS setting	focused	on	71Fe

18	LaBr3(Ce)	(1.5”x	2”)
2	BC-418	Plastic	2mm	thick
Fast-timing	measurements

5	DSSSD	- WAS3ABI
(64X40	strips)
Ion-beta	correlations

12	HPGe Clusters
b-g correlations

Measuring short half-lives



Nions T1/2 (ms)	exp Ref FRDM	[3]
68Mn 7.7·103 34.92(10) 40(7)	[1] 12.8

69Mn 5·103 22.20(9) 18(4)	[2] 12.9

70Mn 500 12.4(4) 9

[1]	S.N.Liddick et al., PRC 87, 014325 (2013).
[2]	J.M.Daugas et al., PRC 83, 054312 (2011)
[3]	P.Moller, B.Pfeiffer and	K.-L.	Kratz,Phys.Rev.	C	67,	055802	(2003)
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T1/2=	35	ms

68Fe
T1/2=188	ms

68Co
T1/2=99	ms

67Fe
T1/2=345	ms

b

b

b-n

69Mn->	69Fe

68Mn->	68Fe

Ion-b correlation	time	>	5-10	x	T1/2 èneed	to	include	decay	chain
Longer	correlation	to	better	estimate	the	bgè include	more	decays	

68Ni
T1/2=29	s

b

G.Benzoni et	al.	PLB 751	(2015)	107–112

Measuring short half-lives

Mother

Daughter
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b-n	decay
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Measuring long half-lives

produced implanted

Fragmentation	of	238U	beam	@	1GeV/u
Ibeam ~	3*109	pps
Beam	extraction	1s,	beam	cycle	3s	

WARNING:	long	lifetimes	and	high	rates imply	a	
careful	study	of	bg contributions
è ion-b correlations	:	out	of	beam	+	ion-b position	
correlations	+	ion-b time	correlations	
è uncorrelated	decays	determined	from	backward-
time	ion-b correlations

   

              
            213Pb->213Tl
forward
backward

212Tl							
212Pb

211Tl							
211Pb

New	spectroscopic	information	
in	219Po	211-212-213Tl

Spill	structure	@	GSI
extraction

1s 1s
1s
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• Long	half-lives	è cover	many	beam	repetition	cycles
• High	rate	è possible	double	implantations
Standard	techniques	are	not	available
è numerical	fit based	on	Monte	Carlo	simulations	of	the	implantation-
decay	process	including	experimental
implantation	rates	and	having	as	free	parameters	the	β	decay	half	life	
and	the	β	detection	efficiency

c2	fits	to	two	independent	time	correlations:

•		Experimental	ion-b time-correlated	spectra
• Calculated	time	distribution	obtained	from	Monte-Carlo	

simulations

Fitting	function:	ratio	of	forward/backward	time-distribution	functions

218Bi: 
Benchmark of 

Analysis

H. de Witte et al., PRC (2004)

Ad-hoc numerical procedure

T.	Kurtukián-Nieto	et	al.,	NIMA	(2008)



Important	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

FRDM+QRPA	and	DF3	+	QRPA	models	in	
agreement	with	our	measurements

G.Benzoni et	al.,	PLB	715	(2012)	293
A.I.Morales et	al.,	PRC89,	014324	(2014)
A.I.Morales et	al.,PRL113,	022702	(2014)



G.Germogli PhD	Thesis	Pd (2012)

Measuring half-lives with tape system

Grow-in

Equilibrium

Decay



Activity	of	grand-daughter	nucleus

G.Germogli PhD	Thesis	Pd (2012)

Measuring half-lives with tape system

Decay	curve	can	have	many	components
è g gating	helps	singling	out

Activity	of	daughter	nucleus
èMeasuring	T1/2 of	mother



Nucleosynthesis is a gradual, still ongoing process:

Life of a star

Death of a star
(Supernova, planetary nebula)

Interstellar
medium

Remnants
(White dwarf, 

neutron star, black hole)

Nucleosynthesis:
Stable burning

Nucleosynthesis:
Explosive burning

H, He

continuous
enrichment,
increasing
metallicity

Condensation

M~104..6 Mo
108 y

106..10 y

M > 0.7MoStar formation

Dust mixing

Nucleosynthesis

Dense cloudsBig Bang

Creation	of	the	elements
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neutrons

Mass	known
Half-life	known
nothing	known

Big	Bang

Cosmic	Rays

stellar	burning

rp	process

p	process

s	process

r	process

Most	of	the	heavy	elements	(Z>30)	are	
formed	in	neutron	capture	processes,	either	
the	slow	(s)	or	rapid	(r)	process

np	process
Light	element	primary	process

LEPP

Nucleosynthesis
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Waiting	point
(n,g)-(g-n)	equilibrium

b-decay

Seed

High	neutron	density

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

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

(n, g)	<->	(g,n)	<->	b decay	<->	b -n	decay

Crucial	inputs	from	experimental	nuclear	physics	are
Ø Masses
Ø b-decay	rates
Ø Branching	Ratios
Ø n-capture	cross	sections
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3	peaks	in	solar	abundance	curve:	
A=	80 130 195
N=	50 82 126



Measuring half-lives for r-process 

Newly	measured	T1/2

KTUY	mass	model



Measuring half-lives for r-process 

Newly	measured	T1/2



Qb-

Sn

Evolution	towards	the	n-rich	side:
Qb- generally	gets	larger	while	Sn	gets	smaller

Conditions	for	b delayed neutron emission

è neutron	emission	competes	and	can	dominate	over	g-ray	
de-excitation
The	process	will	dominate	far	from	stability	on	the	n-rich	side:
Qb increases	with	A
Pnè gives	info	on	decay	above	Sn	è stringent	test	on	b-
strength	function
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Known Pn-Values

• Practically	all	NEW	nuclei,	are	expected	to	be	neutron	emitters!

stability

Pn
b-delayed neutron 
emission probability

Pn: Moeller et al PRC67(2003)

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

Almost	all	these	new	nuclei	
are	expected	to	be	neutron	
emitters,	and	hence,	an	
understanding	of	this	
property	and	the	involved	
technique	becomes	of	
pivotal	impotance	for	NS	and	
future	studies.

Beta-delayed	neutron	emission



Pn x 10
Pn / 10
Pn x 10

Pn x 0.4

N=126

In	134
138	ms
bn,	b2n

During	„Freeze-out“:	
detour	of	b-decay	chains
ð r-abundance	changes

During	„Freeze-out“:	
enhancement	of	neutron	flux
ð r-abundance	changes

Impact on r-process abundances



b-delayed	neutron	emission	occurs	when	Qb >	Sn in	the	daughter	nucleus
T1/2 and	Pn convey	information	related	to	b feeding

T1/2 yields	information	on	the	average	b	feeding
Pn yields	information	on	b	feeding	above	Sn

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

Beta-delayed	neutron	emission



Beta-delayed	neutron	emission



VANDLE	array	:	plastic	scintillator	bars,	coupled	
to	b-g det.
neutron	multiplicity	and	energy	via	TOF	

Measuring neutrons after b decay

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-g detectors

Competition	with	3Hen	/	Tetra



Beta-delayed	neutron	emission	close	to	N=126

Only	210Tl	known

Exp at	GSI	238U	@	1GeV/u
BELEN+SIMBA



Sensitivity	study	of	inputs	for	nucleosynthesis	modeling

Masses:	
• Sn	location	of	the	path
• Qb,	Sn	theoretical	b-decay	properties,	

n-capture	rates

b-decay	half-lives
(progenitor	abundances,
process	speed)

Fission	rates	and	distributions:
• n-induced
• spontaneous
• b-delayed	b-delayed	n-emission

branchings
(final	abundances)

n-capture	rates
Smoothing	progenitor	
abundances	during	freezeout

Seed	production
rates

n-physics	?



Sensitivity	study	of	inputs	for	nucleosynthesis	modeling

FRDM+QRPA
KUTY05

T1/2 Theory	vs.	Exp

Neutron	number

Variations	over	6	orders	of	magnitude

Half-life

Largest	uncertainty	for	longest	T1/2

Q-value

Largest	uncertainty	for	smaller	Qvalue

Decays	with	low	Qβs	have	a	smaller	‘window’	for	energetically-allowed	transitions,	thus	
fewer	transitions	are	available,	and	the	difference	Qβ	−	Ei is	much	more	sensitive	to	
small	variations	in	predicted	transition	energies.	Most	of	the	decays	relevant	for	the	r	
process,	on	the	other	hand,	have	short	halflives and	large	Qβ	values,	and	even	the	
schem



Sensitivity	study	of	inputs	for	nucleosynthesis	modeling

Impact	of	uncertainties	in	

Solar	abundances




