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✓ Physics	context	and	mo0va0ons:	

- nuclear	structure	

- nuclear	astrophysics	

✓ Experimental	approaches:	

- produc0on	of	exo0c	nuclei	near	78Ni	

- detec0on	methods	

✓ Results	&	discussion:	

- b-decay	gross	proper0es	measurements	for	the	r-process	

- structure	of	nuclei	north-east	and	south-west	of	78Ni	

✓ Summary

Overview



the	neighbourhood	of	78Ni

✓ Decay	studies	of	very	neutron-rich	nuclei:	

- understanding	the	evolu0on	of	nuclear	structure	

• 	excited	levels	—>	single-par0cle	levels	around	shell	gaps	

• 	β-strength	func0on	and	its	consequences	

• masses	—>	Q-values/separa0on	energies	

• …



the	neighbourhood	of	78Ni

✓ Decay	studies	of	very	neutron-rich	nuclei:	

- β-decay	proper0es	for	the	analysis	of	post	r-process	isotopic	distribu0ons	

• half-lives	

• proper0es	of	βn	emission	

• branching	ra0os	(βγ,	βn)	

• low-energy	isomers	

• …



β-decay	proper:es	for	the	analysis	of	post	r-process	isotopic	distribu:ons

✓ Decay	studies	of	very	neutron-rich	nuclei:	

- gross	proper0es	(mass,	T1/2,	Pn)	are	oSen	the	only	observables	available	

• mass,	T1/2,	Pn	necessary	input		for	this	analysis	

• not	possible	to	measure	them	in	the	lab	for	all	the	nuclei	involved 
 
—>	reliable	theore0cal	predic0ons	needed	

• models	need	to	be	verified	 
 
—>	eventual	modifica0ons	and	improvements	

- β	half-life:		

first	decay	property	of	an	exo0c	nucleus	experimentally	accessible	(only	few	ions	needed!)	 
 
																							⇒	measuring	T1/2	provides	the	first	test	of	models	predic9ons



β-decay	proper:es	for	the	analysis	of	post	r-process	isotopic	distribu:ons

✓ Local	tests	for	models	before	extension	to	terra	incognita:	

- most	widely-used	theore0cal	predic0ons:	 
 
global	models	—>	calculate	fundamental	proper0es	of	all	nuclei	(out	of	necessity!)	

- review	of	the	predic0ve	power	of	the	global	models:		

• large	N/Z	ra0os	originate	effects	not	present	closer	to	stability	

• N>50:	models	must	include	GT	and	ff	transi0ons	  
(neutrons	in	⊕	parity	orbitals	and	protons	in	⊝	parity	orbitals)	

• ordering	of	proton	and	neutron	shells	very	important:	 
ff	transi0ons	are	a	non-negligible	por0on	of	the	β	strength	

- tes0ng	the	validity	of	T1/2	predic0ons	is	essen0al	 
 
(they	used	in	network	calcula0ons	when	no	experimental	informa0on	exists)



β-decay	proper:es	for	the	analysis	of	post	r-process	isotopic	distribu:ons

✓ Local	tests	for	models	before	extension	to	terra	incognita:	

- most	widely-used	theore0cal	predic0ons:	 
 
global	models	—>	calculate	fundamental	proper0es	of	all	nuclei	(out	of	necessity!)  
 
e.g.:		

• FRDM+QRPA	[Moeller	2003]:	
✦ FRDM	+	QRPA	for	GT	part	(&	empirical	spreading	for	quasipar0cle	strength)	&	gross	theory	for	ff	
transi0ons  

• CQRPA+DF3a	[I.	Borzov]:	
✦ g.s.	proper0es	given	by	the	DF3a	energy	density	func0onal	(tailored	for	n-rich	nuclei	around	N=50)	

✦ self-consistent	calcula0on	of	beta-strength	func0ons	for	GT	and	FF	transi0ons	

✦ CQRPA	approxima0on	

✦ new	values	of	the	masses	in	the	region	taken	into	account	

✦ g.s.	configura0ons	in	odd-A	Ga	(0ll	A=83)	blocked	as	1f5/2	proton	single-par0cle	state		

✦ not	really	global	(only	spherical	nuclei	calculated,	but	reliable	within	its	range	of	applicability)
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Experimental	approaches

✓ Produc0on,	separa0on	&	iden0fica0on:	

- Z	<	28	—>	fragmenta9on		

• 86Kr	or	82Se	beam	@	140	A·MeV	on	Be	target	—>	study	of	n-rich	Fe	and	Co	isotopes	

• in-flight	separa0on	of	the	fragments	—>	A1900	@	NSCL	

• iden0fica0on	event-by-event:	ΔE	vs	ToF	matrix
ΔE

ToF

beam detec0on	
set-up



Experimental	approaches

✓ Produc0on,	separa0on	&	iden0fica0on:	

- Z	<	28	—>	fragmenta9on		

• 86Kr	or	82Se	beam	@	140	A·MeV	on	Be	target	—>	study	of	n-rich	Fe	and	Co	isotopes	

• in-flight	separa0on	of	the	fragments	—>	A1900	@	NSCL	

• iden0fica0on	event-by-event:	ΔE	vs	ToF	matrix
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Experimental	approaches

✓ Produc0on,	separa0on	&	iden0fica0on:	

- A∼80	—>	proton-induced	fission		

• 	proton	beam	@	54	MeV	(∼10μA)	on	238UCx	target	—>	study	of	n-rich	As	and	Ge	isotopes	

• ion	source	chemistry	+	two-stage	electromagne0c	separa0on	of	the	fragments	 
 
—>	HRIBF	@	ORNL



Experimental	approaches

beam

HRIBF:	proton-induced	fission	of	238U	

-	neutron-rich	nuclei	(Z=29-63)	

-	large	produc0on	rates	

LeRibbs	measuring	sta0on



Experimental	approaches

beam kicker

Isobar separator 
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Experimental	approaches

✓ Detec0on	set-up:	β	and	γ	spectroscopy		

- @NSCL:	separated	ions	implanted	into	DSSD	detector	

• ion	and	β	par0cle	detec0on	+	 
correla0on	in	soSware	

• βγ	coincidences	detected	through	 
the	SeGA	array

e-ion

β
γ



Experimental	approaches

✓ Detec0on	set-up:	β	and	γ	spectroscopy		

- @LeRibbs:	purified	sample	implanted	into	tape	in	the	centre	of	experimental	set-up	

• movable	tape	periodically	removed	long-lived	ac0vity	

• 2	plas0c	scin0llators	and	4	clovers	for	β	and	γ	detec0on	

• decay	radia0on	measured	during	beam-on	(grown-in)	and	beam-deflected-away	(decay)	

• digital	DAQ

β

β

γ

γ
γ

γ

beam



Half-life	measurement	of	Fe	and	Co	isotopes

2

The implanted ions and their subsequent � decays were
observed in the DSSD and the event data were correlated
in time and space in the analysis software using stan-
dard techniques. The detection e�ciency for correlated
�-particles amounted to⇠30%. Correlations in time were
allowed within a time gate corresponding to ⇠4-6 times
the half-life of the particular nucleus under investigation,
while correlations in space were allowed between an im-
planted ion and electrons detected either in the pixel it-
self or in any adjacent pixel. The maximum implanta-
tion rate amounted to 1.7 implanted ions/pixel/minute
for the less exotic of the two A1900 ion-optic setting
used during the measurement (72Co) and 3.6 implanted
ions/pixel/hour for the more exotic one (74Co). The
silicon telescope was surrounded by 12 detectors of the
Segmented Germanium Array (SeGA) [10] for detecting
�-delayed �-rays (��). The total photo-peak e�ciency
amounted to 4.6% at 1.3 MeV � energy.

The two di↵erent ion-optic settings of the A1900 used
during the measurement were optimised for either trans-
mission of 72Co (ions studied: 69,70Fe) or 74Co (ions stud-
ied: 71,72Fe).

The analysis of the time distribution of the �-particles
correlated with an implanted 69�72Fe ion has provided
the first measurement for the half-lives of 72Fe and new
values for the other implanted isotopes of iron. The time
distribution was fitted to the function

f(t) = A · e��t +A · �d

�d � �

· (e��t � e

��dt)+B · e��bkgt
,

in order to account for the decay of the isotope of in-
terest, of its daughter and random background events.
In the function t is time, A and B are the amplitudes,
while �, �d and �bkg are the decay constants of the
mother, daughter and long-lived background activity, re-
spectively. The free parameters in the fit are A, B, � and
�bkg, while �d stems from literature. In order to prop-
erly account for the background and longer-lived daugh-
ter activity, the f(t) function was fit using the maximum-
likelihood method to the time distribution of the corre-
lated �-particle events between 0 and 3 s for 69,70Fe and
between 0 and 2 s for 71,72Fe. In Figure 1 the time distri-
butions of the iron isotopes are displayed each with the
result of the respective fit. The unknown beta-delayed
neutron branching ratio of 72Fe is not expected to influ-
ence its half-life value in any significant way, given the
rather close half-life values of its �� and �-delayed neu-
tron daughters. This small e↵ect is smaller than 2% and
is taken into account in the error bars. In Table I the ob-
tained half-lives are summarised and compared with the
respective literature values, where available. In the case
of 71Fe, a similar evaluation procedure to the one used in
this work, applied to the data of Ref. [11], yielded results
consistent with those of the present measurement. For
72Fe this measurement provided the first information be-
yond knowledge of its existence, while for the remaining
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FIG. 1: Time distribution of the � particles detected in the
DSSD detector correlated with an implanted 69Fe, 70Fe, 71Fe
or 72Fe ion. The result of the fit is displayed on each panel as a
solid line, while its three individual components - mother de-
cay, daughter decay and background- are displayed as dashed,
dotted and dash-dotted lines, respectively.

nuclei new values were found for their half-lives which are
in most cases compatible with those previously reported.

The analysis of the � rays detected in the SeGA de-
tectors in coincidence with a � particle correlated with
an implanted ion was performed for all of the 69�72Fe
isotopes. The limited statistics did not allow for identi-
fication of �� rays of 69,71,72Fe. In the case of 70Fe one
� transition in coincidence with a correlated � is iden-

TABLE I: For each isotope the number of ions implanted in
the DSSD detector, the half-life as obtained in this measure-
ment (T1/2) and the values as known from literature (Tlit

1/2)
with their reference are summarised.

Isotope N
ions

T1/2 Tlit

1/2 Ref.
implanted [ms] [ms]

69Fe 1812 102(10) 110(6) [11]
70Fe 1693 61(5) 94(17) [12]

71(10) [11]
71Fe 184 42(6) 28(5) [11]
72Fe 76 19(4) �150 ns [13]

Time	distribu0on	of	βs

Fit	func0on:

C.M.	et	al.,	PRC	88	(2013)	064320
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Half-life	measurement	of	Fe	and	Co	isotopes

C.M.	et	al.,	PRC	88	(2013)	064320

 LOG scale! 

Exp	T1/2	—>>	model	verifica:on	—>>	r-process	modelling
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Half-lives	&	the	weak	r-process

Exp	T1/2	—>>	model	verifica:on	—>>	r-process	modelling

Calcula0ons:	R.	Surman	(in	C.M.,	R.	Surman,	et	al.,	PRC88	(2013)	064320)

✓ poten0al	impact	on	r-process:	
- astrophysical	site(s)	of	r-process	are	s0ll	unknown	

- astrophysical	condi0ons	that	produce	lighter	nuclei	(A~80)	are	rather	uncertain	

- weak	r-process	calcula1ons:	  
 
parametrised	neutrino	wind	that	reasonably	reproduces	solar	r-process	abundance		

- FRDM+QRPA	calcula0ons:		
• off	by	at	least	factor	5	

• uncertainty	in	rates	—>>	uncertainty	in	final	abundance	paOern



Half-lives	&	the	weak	r-process

Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling

1
0

%

(a)

(b)

uncertainty	in	the	predic:ons	of	r-process	abundances
final	abundance	Y(A)

weak	r-process	simula0on	  
[entropy	=	10·kB,	0mescale=	0.1	s,	

ini0al	e-	frac0on	Ye=0.31]

final	abund.	with	T1/2(th)	increased	x5	[Yincr(A)]	

final	abund.	with	T1/2(th)	decreased	x5	[Ydecr(A)]

final	abund.	with	T1/2(exp)		

scaled	solar	abund.	[+]

main	r-process

100⋅
Ydecr A( )−Yincr A( )

Ydecr A( )+Yincr A( )⎡⎣ ⎤⎦ 2

1
0

%

(a)

(b)

Calcula0ons:	R.	Surman	(in	C.M.,	R.	Surman,	et	al.,	PRC88	(2013)	064320)



Half-lives	&	the	weak	r-process

Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling
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Time	distribu0on	of	βγs	with	respect	to	the	grow-in	and	decay	cycle

Fit	func0on:

A⋅ 1−e−λt( ) grow-in

A⋅ 1−e−λt( )⋅e−λ t−t0( ) decay

Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling
Half-lives	of	fission	fragments

0me



Zn	&	Ga	

✓ FRDM+QRPA:		

- longer	T1/2	than	measured	

✓ DF3a+CQRPA	calcula0ons:		

- reproduce	well	experimental	values	

- systema0cally	much	longer	than	FRDM	at	N=55	

- for	Ga	isotopes	T1/2	stabiliza0on	for	N≥56

Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling
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Half-lives	of	fission	fragments:	benchmarking	theore:cal	predic:ons



+	post	r-process	abundances	

____	simula0ons	with	Moeller’s	T1/2’s	

_	_	_	simula0ons	with	Borzov’s	T1/2’s

M.	Madurga	et	al.,	PRL	109	(2012)	112501

	LOG	scale!	

Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling



✓ Review	of	the	predic0ve	power	of	the	global	models	for	the	n-rich	por0on	of	the	chart-of	
nuclei		

- Zn,	Ga,	Ge	and	As	isotopes:	FRDM(+QRPA)	overes0mates	T1/2	by	large	factors	

✓ Study	of	the	impact	of	the	new	T1/2	on	the	r-process	nucleosynthesis	calcula0ons:	

- T1/2s	influence	the	abundances	in	the	75<A<90	region	&	impact	how	the	r-process	proceeds	for	heavier	nuclei	

- replacing	FRDM+QRPA	with	DF3a+CQRPA	calcula0ons	improves	predic0ons	for	produc0on	of	nuclei	for	A>140

Benchmarking	theore:cal	predic:ons

Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling
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Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling
Benchmarking	theore:cal	predic:ons:	half-life	measurement	of	As	and	Ge	isotopes



Exp	T1/2	—>>	model	verifica:on	—>	r-process	modelling
Benchmarking	theore:cal	predic:ons:	half-life	measurement	of	As	and	Ge	isotopes
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- reproduce	well	experimental	values	
- provide	robust	predic0on	for	86Ge	
- predict	T1/2	stabilisa0on	for	A≥86,	N≥54	+	

become	systema0cally	longer	than	FRDM

As	
✓ FRDM+QRPA	gives	be�er	agreement		
✓ CQRPA	calcula0ons:		

- reproduce	well	new	exp.	value	for	84As	
- predict	T1/2	stabilisa0on	for	N≥54	(systema0cally	
longer	than	FRDM)	

- worse	agreement	for	86,87As	→	(rapid)	onset	of	
collec0vity	leaving	N=50,	Z=28	shell	closures?
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β-decay	of	86Ge
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C.M. et al., PRC 92 (2015) 054317



β-decay	of	86Ge
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β-decay	of	86Ge
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C.M. et al., PRC 92 (2015) 054317



B(GT)	for	86Ge	and	86As

Calculations: R. Grzywacz in C.M., K. Rykaczewski, R. Grzywacz  et al., PRC 92 (2015) 054317
Model: R. Grzywacz in M. Alshudifat, R. Grzywacz  et al., PRC93 (2016) 044325

N=28

1p3/2
0f5/2

1p1/2

0g9/2

N=50

1d5/2
2s1/2

Z=28
0f7/2

0f5/2

1p3/2
1p1/2

0g9/2

“forbidden”	
transi:ons

“allowed”	GT

Single-par0cle	descrip0on:	

✓ “Valence”	neutrons	cannot	decay	via	allowed	GT	
transi0ons	between	spin	orbit	partners	—>	spectators	

✓ Par0cle-hole	excita0ons	lead	to	popula0on	of	high	
energy	states		

✓ Important	role	of	forbidden	transi0ons	  
(Δl>0	and	parity	changing)	

β	decay	of	N>50	isotopes:	

✓ compe00on	between	 
 
		forbidden	transi0ons	with	large	Qβ	(small	strength)	 
																&	 
		allowed	GT	decays	to	highly	excited	states	 
		(very				fragmented)	

✓ exo0c	nuclei	—>	GT	decay	dominant	—>	large	Pn	

✓ fpg	neutrons	—>	spin-orbit	partner	proton	orbital	

✓ d5/2	and	s1/2	neutrons	as	spectators



B(GT)	for	86Ge	and	86As

Calculations: R. Grzywacz in C.M., K. Rykaczewski, R. Grzywacz  et al., PRC 92 (2015) 054317
Model: R. Grzywacz in M. Alshudifat, R. Grzywacz  et al., PRC93 (2016) 044325

N=28

1p3/2
0f5/2

1p1/2

0g9/2

N=50

1d5/2
2s1/2

Z=28
0f7/2

0f5/2

1p3/2
1p1/2

0g9/2

“forbidden”	
transi:ons

“allowed”	GT

B(GT)	calcula0ons:	

✓ Nushellx	(parallel	processing	version)	with	56Ni	core	

✓ jj44bpn	interac0on	for	fpg	[Lisetskiy	&Brown]	

✓ N=50	shell	gap	parameter	of	the	model	

✓ d5/2	neutrons	“blocked”	for	B(GT)	calcula0ons	

✓ s.p.	energies	from	experimental	systema0cs	(Grawe)	

✓ protons	and	neutrons	in	fpg	orbitals	allowed	to	
sca�er	without	restric0ons	  
(f5/2,	p3/2,	p1/2,	g9/2	for	protons,	f5/2,	p3/2,	p1/2,	g9/2	+	
d5/2	for	neutrons	

✓ good	descrip0on	of	N<50	isotopes	(empirical	
adjustments)	and	decent	job	for	Ga	isotopes	 
[M.	Alshudifat,	R.	Grzywacz		et	al.,	PRC93	(2016)	
044325]

A.	F.	Lisetskiy	et	al.,	PRC	70	(2004)	044314



B(GT)	for	86Ge	and	86As

Calculations: R. Grzywacz in C.M., K. Rykaczewski, R. Grzywacz  et al., PRC 92 (2015) 054317
Model: R. Grzywacz in M. Alshudifat, R. Grzywacz  et al., PRC93 (2016) 044325
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B(GT)	for	86Ge	and	86As
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jj45pn	interac0on	  
(new,	based	on	jj44bpn	and	jj45pna)

jj44pn	interac0on	(based	on	jj44bpn)	&	
modified	T=0:	
- weaken	(by	1MeV)	diagonal	matrix	
elements	between	νd5/2	and	πp3/2	that	
generated	strongly	bound	1+	state	with	
large	B(GT)	part	to	achieve	qualita0ve	
agreement	[large	B(GT)	above	Sn]	

- strengthening	(by	0.4	MeV)	of	the	T=1	
νp1/2	and	πf5/2	to	generate	low-lying	1+	
states	with	weak	B(GT)

calcula0ons:	decay	dominated	by	
νp1/2	—>	πp3/2			==>	strongly	bound	1+
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Model: R. Grzywacz in M. Alshudifat, R. Grzywacz  et al., PRC93 (2016) 044325
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modified	T=0:	
- weaken	(by	1MeV)	diagonal	matrix	
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generated	strongly	bound	1+	state	with	
large	B(GT)	part	to	achieve	qualita0ve	
agreement	[large	B(GT)	above	Sn]	

- strengthening	(by	0.4	MeV)	of	the	T=1	
νp1/2	and	πf5/2	to	generate	low-lying	1+	
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Calculations: R. Grzywacz in C.M., K. Rykaczewski, R. Grzywacz  et al., PRC 92 (2015) 054317
Model: R. Grzywacz in M. Alshudifat, R. Grzywacz  et al., PRC93 (2016) 044325

jj44pn	interac0on	(based	on	jj44bpn)	&	
modified	T=0:	
- weaken	(by	1MeV)	diagonal	matrix	
elements	between	νd5/2	and	πp3/2	that	
generated	strongly	bound	1+	state	with	
large	B(GT)	part	to	achieve	qualita0ve	
agreement	[large	B(GT)	above	Sn]	

- strengthening	(by	0.4	MeV)	of	the	T=1	
νp1/2	and	πf5/2	to	generate	low-lying	1+	
states	with	weak	B(GT)

jj44pn	interac0on

jj45pn	interac0on	  
[new,	based	on	jj44bpn	(56Ni	core)	
and	jj45pna	(78Ni	core)	]
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Calculations: R. Grzywacz in C.M., K. Rykaczewski, R. Grzywacz  et al., PRC 92 (2015) 054317
Model: R. Grzywacz in M. Alshudifat, R. Grzywacz  et al., PRC93 (2016) 044325

jj45pn	interac0on	  
(new,	based	on	jj44bpn	and	jj45pna)

jj44pn	interac0on	(based	on	jj44bpn)	&	
modified	T=0:	
- weaken	(by	1MeV)	diagonal	matrix	
elements	between	νd5/2	and	πp3/2	that	
generated	strongly	bound	1+	state	with	
large	B(GT)	part	to	achieve	qualita0ve	
agreement	[large	B(GT)	above	Sn]	

- strengthening	(by	0.4	MeV)	of	the	T=1	
νp1/2	and	πf5/2	to	generate	low-lying	1+	
states	with	weak	B(GT)

jj44pn	interac0on

jj44pn	interac0on	and	modified	T=0	matrix	elements:		

qualita0vely	be�er	agreement,	quan0ta0vely	largely	underes0mated	

important	role	of	pn	residual	interac0on	

a	set	of	interac0on	with	be�er	microscopic	founda0on	needs	to	be	developed	

βn	spectroscopy	needed	to	locate	the	posi0on	of	the	1+	states	above	Sn



Summary
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