
Heavy	&	Superheavy	Nuclei	(SHN)	

«	Descrip6on	microscopique	des	noyaux	
superlourds	»,«	Decay	spectroscopy	of	SHE	»,	«	Laser	

spectroscopy	of	the	heaviest	elements	»	
Prospec6ves	in2p3	

GT02	
30-31	Janvier	2019,	Caen	



Ques6ons	
-  Limits	of	the	nuclear	chart	?	Fission	is	the	show	stopper	
	
-  How	many	elements	in	the	periodic	table	?	Can’t	have	an	atom	without	a	nucleus		
	
-  Shell	evolu6on	of	nuclei	and	atoms	?	Large	Coulomb	field		
&	high	level	density	conundrum		
		
-  Shapes,	sizes	and	reorganisa6on	of	maWer	
	
-  How	to	make	SHN	(in	the	lab	and	in	
the	universe)	and	iden6fy	them	?	
	
		

-  			How	to	correctly,	efficiently	&	reliably	model	
SHN,	fission	&	synthesis	reac6ons	?		

Island	of	stability	



Synergies	

GT02:EDFs	
&	Symmetry	
breaking	
and	

restaura6on	

GT02:Nucleosynthesis		
&		

origin	of	the	elements	

GT02:Complete	
descrip6on	of	

fission	

GT02:ISOL	&	
ground-state	
spectroscopy	

GT07:	Beam	Produc6on	&	
	New	genera6on	targets	

GT08:	R&D	
for	AGATA	

GT07:A/Q=7	injector	
for	SPIRAL2	



SHE	research	program	@	in2p3	

Few atoms /month 

Few atoms / s 

Reac6on	studies	
Synthesis	of	new	elements	
Nuclear	structure	
Atomic	structure	
Chemistry	
Nuclear	theory	
Atomic	theory	
	
	

Reac6on	studies	
Synthesis	of	new	elements	
Nuclear	structure	
Atomic	structure	
Chemistry	
Nuclear	theory	
Atomic	theory	
	
	

Laboratories:	CEA,	GANIL,	IJClab,	IP2I,	IPHC,	LPC	



 

Interna6onal	collabora6ons	&	
Compe66on	

Long	irradia6on	6mes,	dedicated	setups	(with	maximised	produc6on,	transport	&	detec6on	
efficiencies),	beam/target/instrumenta6on/theory	developments		

ANU 



Superheavy	Nuclei:	a	theore6cal	challenge	
Structure:	
-  Large	level	density	&	Coulomb	frustra6on	
-  Limita6ons	of	exis6ng	energy	density	func6onals	
-  Treatment	of	pairing	correla6ons	&	inclusion	of	

beyond	mean	field	effects	(coupling	to	vibra6onal	
states…)	

-  Microscopic	treatment	of	fission	&	alpha-decay	
life6mes	

-  Open	conceptual	&	technical	ques6ons	how	to	model	
fission	of	blocked	configura6ons	(K	isomers,	odd	&	
odd-odd	systems)	

	
Reac6ons:	
-  Predic6ve		microscopic	model	of	reac6on	cross	

sec6ons	
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CENTRAL DEPRESSION IN NUCLEONIC DENSITIES: . . . PHYSICAL REVIEW C 96, 024306 (2017)
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FIG. 2. Neutron (left) and proton (right) densities of 294Og (top)
and 326Og (bottom) calculated with SV-min in the (x,z) plane at y = 0.
The densities, normalized to ρmax, are displayed in a 20 fm × 20 fm
box.

proton pairing, larger 1s1/2 occupation, and weaker central
depression. This sensitivity to different models which share
about the same bulk properties suggests that the nature of
central depression in 34Si is governed by shell effects. This is
consistent with the detailed study of 34Si in Ref. [32], which
concluded that the “prediction regarding the (non)existence
of the bubble structure in 34Si varies significantly with the
nuclear Hamiltonian used.” For other nuclei, the systematic
uncertainty is much smaller and SV-min predictions seem to
be robust.

The heaviest nucleus known today is 294Og [62]. In most
DFT calculations [63,64], this system is expected to be
slightly deformed, with a triaxial shape. To see whether
shape deformation can destroy central depression in 294Og
[15,16,48], in Fig. 2 we display the proton and neutron
densities in this nucleus, as well as in the heavier isotope 326Og,
which is predicted to have an appreciable prolate deformation.
In both cases, the deformed semibubble structure in proton
density is clearly visible. We can thus conclude that, according
to our calculations, the region of deformed semi-bubble nuclei
has been reached experimentally.

Figure 3(a) shows the central depression parameter w̄t for
for 34Si, 48Ca, and N = 82, 126, and 184 isotonic chains
predicted by SV-min. As discussed above, the value of w̄p

in 34Si predicted in calculations without pairing increases
dramatically. In heavy and superheavy nuclei, central proton
depression w̄p is systematically larger than w̄n. The opposite
trend is expected for the central densities shown Fig. 3(b): ρp,c
is systematically reduced as compared to ρn,c.

The dip/cusp in 208Pb can be explained through the full
occupation of the 2s proton shell, known to be responsible for
the central proton depression in 206Hg. For lighter N = 82
isotones, the 2s shell is partly occupied, e.g., for Pt its

0.0

0.5

w̄

N=82

N=126

N=184

(a)

Protons

Neutrons

0.05

0.10

ρ t
,c

(b)

0.0

0.5

1.0

R
2 E

C
ou

l,ρ
p
,c (c)

≈
≈

≈
≈

≈
≈

34Si 48Ca

(f
m

−
3
)

20 60 80 100 120
Z

FIG. 3. Central proton depression w̄p (a), central density ρt,c (b),
and CoD between the Coulomb energy ECoul and central proton
density ρp,c (c) for 34Si, 48Ca, and N = 82, 126, and 184 isotonic
chains predicted by SV-min. The × symbol marks the values of w̄

and ρt,c in 34Si obtained without pairing.

occupation is 63%, and this explains the rise of w̄p and
drop in ρp,c. While w̄p is rather flat for Z < 82, it smoothly
increases with Z along the N = 184 isotonic chain. This
feature is supported by the constant central proton density
for the N = 184 chain seen in Fig. 3(b).

V. CORRELATION ANALYSIS

To understand the origin of trends seen in Figs. 3(a) and
(b), in the following we perform the correlation analysis that
relates the behavior of key observables related to the central
depression to the parameters of the Skyrme functional. As
relevant observables we choose the Coulomb energy ECoul,
central depression parameters w̄t , ρ̄t,c, ρt,c, as well as the
isovector and isoscalar densities at r = 0: ρ0,c = ρn,c + ρp,c
and ρ1,c = ρn,c − ρp,c, respectively.

Figure 3(c) displays, in particular, the CoD between ECoul
and ρp,c. It is apparent that for the N = 184 isotonic chain
ρp,c is closely related to ECoul, whereas for lighter nuclei the
correlation between those two parameters is marginal. That
results nicely demonstrates that while the central depression
in superheavy nuclei, such as the N = 184 chain, is primarily
driven by the electrostatic repulsion, the nature of central
depression in lighter systems is different.

While the correlation between the Coulomb energy and
central proton density depression in superheavy nuclei is
apparent, in order to fully understand the origin of central
depression one needs to study correlations with the actual
Skyrme model parameters. (The Coulomb energy density

024306-3

Few	theore6cians	in	France	&	in	Europe	working	in	this	field		
ANR	«	New	energy	func6onal	for	heavy	nuclei	»		(NEWFUN)	
	



The	7th	period	is	complete	

Chemistry Department, University of Murcia,  



GARIS	II	

E118:	50Ti	+	248Cm	—>	295Og	+	3n	 	 	MIVOC	beam	(IPHC)	@	RILAC			Experiment	paused	
E119:	51V	+	248Cm	—>	299-xUue	+	xn	 	HT	oven	@	RRC	cyclotron	
	
	

->	Several	campaigns	since	2017,	ongoing	
	

2020:	Start	nRILAC	(SC)	+	GARIS	III	->	con6nue	E119	campaign	

2020:	 Start	 of	 the	 SHE	 Factory	 @	 DUBNA	
Metallic	 ions	 beams	 of	 50Ti,	 51V	 &	 54Cr	
(MIVOC	+	Induc6ve	oven)			
			
⇒ up	to	10	pµA	on	target		
⇒  two	parallel	programs	in	Dubna	and	RIKEN	

Search	for	New	Elements	

DC280		



Reac6on	studies	
T.	Tanaka	et	al.,	Journal	of	the	Physical	Society	of	Japan		87	(2018)	014201	
	

Find	op6mal	bombarding	energy	for	the	
synthesis	of	new	elements	(IPHC)	

Measurement	of	excita6on	func6ons	
(xn,	pxn…)	to	test	model	parameter	
space	and	improve	predic6ve	power	of	
theories	
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A.	Drouart	

Reac6on	studies	

248Cm	(20,21,22Ne,	3-6n)	238U	(28,29,30Si,	3-6n)	

Systema6c	study	of	fusion-evapora6on	
reac6ons	with	SIRIUS	@	S3	(high	
produc6on	yields	with	A/Q=7	&	inflight	
A/Q	ID):	Z=106-112	with	projec6les	
ranging	from	S	to	Ca	(CEA,	GANIL,	
IJCLab,	IPHC)	
	
	

Synthesize	new	isotopes	&	bridge	the	gap	
between	hot	&	cold	fusion	chains	around	
N=162	

SIRIUS	



Mul6nucleon	transfer	(MNT)		

Inves6ga6on	of	produc6on	of	heavy	nuclei	via	MNT	(CEA,	IJCLab,	GANIL,	IPHC):	
		
GAMMASPHERE	+	AGFA:	136Xe+238U	(Oct.	2019)	
AGATA+LEPS+VAMOS:	238U+238U	(accepted)		
GABRIELA+SHELS:	48Ca+243Am	(april.	2020)	

V.I.	Zagrebaev,	A.V	Karpov	and	W.	Greiner,	EPJ	Web	of	Conferences	86,	00066	(2015)	
		

238	 248	

208	 278	

U	 Cm	

Pb	 SHN	

Challenges	of	MNT:	half-lives	&	isotope	iden6fica6on	



Fission	barriers	
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G.	Henning	et	al.,	Phys.	Rev.	LeW.	113,	262505	(2014)	

Only	method	(with	ECDF)	to	extract	fission	barriers	in	
the	region:	GAMMASPHERE	(BGO+Ge)	coupled	to	a	
recoil	separator	is	the	only	tool	
	

Important	for	reliable	fission-barrier	predic6ons	
	

Research	program	at	GAMMASPHERE	(CEA,	GANIL,	
IJCLab,	IPHC)	
2020:	255Lr	experiment	scheduled	
	

To	be	con6nued	with	tracking	arrays	AGATA	&	GRETA	

GAMMASPHERE	

F.P.	Hessberger,	Eur.	Phys.	J.	A	(2017)	53:	75		
	

254No	

Bf,	Gogny(I=0)	=	8.66	MeV	
	

J.L.Egido	and	L.M.	Robledo	Phys.	Rev.	LeW.	85	(2000)		
Bf(0)=6.6(0.9)	MeV	
	

GAMMASPHERE	



Resonance	studies	
Search	for	scissors	mode	in	
deformed	heavy	systems	(IJCLab,	
IPHC)	
	
Impact	on	(nucleo)synthesis	rates	

Detailed	study	only	possible	with	AGATA	&	
GRETA 	
(need	for	efficiency	@	high	energy	and	
polariza6on	sensi6vity)	

Transi6on	energy	(keV)	
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F.	Bello	Garrote,	A.C.	Larsen,	A.	Lopez-Martens	et	al.,		

254No	

Experiment	with	JUROGAM@RITU:	Evidence	for	a	
an	enhancement	of	magne6c	nature	in	the	γ-ray	
energy	spectrum	at	high	energy	



Spectroscopy	of	SHN	

Ch.	Theisen	et	al.,	Nucl.	Phys.	A	944	(2015)	333	

Very	liWle	informa6on	is	available;	mostly	gs	and	low-lying	states	populated	by	α	decay	
Assignments	mostly	based	on	α-decay	hindrance	factors	&	systema6cs	
Very	few	firm	anchor	points	in	I	&	π and	mass	
Very	few	measurements	of	moments	(deforma6on	informa6on	from	rota6onal	bands,	
presence	of	K	isomers)	
Life6mes	known	only	for	gs	and	isomers	



Low-energy	SHE	experiments	-	Mass	
measurements	

Y.	Ito	et	al.,	Phys.	Rev.	LeW.	120	(2018)	152501	

E.	Minaya	Ramirez	et	al.,	Science	337,	1183	(	2012)	

δ2n(N,Z)	=	2B(N,Z)	–	B(N-2,Z)	–	B(N+2,Z)		

SHIPTRAP	

SHIPTRAP	(2016)	

Anchor	points	of	the	mass	landscape	
	
Precise	benchmarking	of	binding	
energies	&	their	derived	quan66es	
	



Low-energy	SHE	experiments	-	Mass	
measurements	

M.	Asai,	F.Hessberger,	A.	Lopez-Martens,	
Nucl.	Phys.	A	944		(2015)	308		

2020:	No,	Lr,	Rf	runs	at	SHIPTRAP	(IJCLab)	

Improved	sensi6vity	at	SHIPTRAP	(PI-ICR,	cryogenic	cell,	FT-ICR	for	very	exo6c	nuclides…)	
	

>	2025	:	Mass	measurements	with	MLLTrap@DESIR	
with	added	func6onnali6tes	(IJCLab):	

	-	life6me	measurements	
	-maWer&summing-free	α-decay	spectroscopy	

X=64	keV	



Complementary	spectroscopy	

ERs	Beam	 Filter	

Time-of-Flight		

Focal	
Plane	

Target	
Beam	dump	

P.T.	Greenlees,	Phys.	Rev.	LeW.	109	(2012)	012501	
J.	Rubert,	PhD	thesis,	Université	de	Strasbourg		(2013)	

256Rf	@	JYFL		
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K.	Hauschild	et	al.,	in	prepara6on	

256Rf	@	FLNR		
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GABRIELA@SHELS	



Prompt	spectroscopy	

10	nb	cross	sec6on	&	<30	mn	t1/2	are	the	
current	limits	for	SAGE@RITU	

Experiments	@	ANL	(CEA,	GANIL,	IJCLab,	
IPHC):	
can	gain	a	factor	of	~2-3	in	cross	sec6on	
with	GAMMASPHERE	@	AGFA	:		
254No,	255Lr,	254Rf	
	

Can	study	long-lived	species	(252Fm	for	
eg)	using	the	mass	sensi6vity	of	FMA	

!  2025-2030:	Experiments	with	tracking	arrays	
with Ω approaching	4π:		

AGATA@RITU/VAMOS-GF,	GRETA@AGFA/FMA,		

Electron	spectroscopy	is	only	possible	with	SAGE@RITU	
R.	Briselet	et	al.,	in	prepara6on	

251Md	



Decay	spectroscopy	

SIRIUS@S3	with	A/Q	ID	(CEA,	GANIL,	
IJCLab,	IPHC):	Study	isotopes	(&	
synthesize	new	ones)	at	the	fission	
«	drip-line	»:	shell	structure	&	fission	
hindrance	of	mul6-par6cle	states	

GABRIELA@SHELS	

R.R. Chasman et al., Rev. Mod. Phys. 49, 833 (1977)"

K.	Hauschild	et	al.,	in	prepara6on	

GABRIELA+@SHELS	
(GANIL,	IJClab,	IPHC):	
Sequence,	and	
evolu6on	of	states	as	Z	
&	N	increase	towards	
more	neutron-rich	
nuclei	
Degree	of	collec6vity	
(B(Ελ)	through	
combined	ICE	&	γ-ray	
spectroscopy)	
Decay	proper6es	of	gs	
and	K	isomers	

Pb/Bi+Ca	

Pb/Bi+Ti	

Pb/Bi+Cr	

N=152	



X-ray	iden6fica6on	of	SHN	

X-ray	spectroscopy	for	Z	iden6fica6on	of	SHE	
& β/EC-decay	flagging	

D.	Rudolph	et	al.,	Phys.	Rev.	LeW.	111,	112502	(2013)		
	Spectrum	confirmed	by:	J.M.	Gates	et	al,	Phys.	Rev.	C	92,	021301	(2015)		SHEXI	project	based	on	Si	@	FLNR	

(IJCLab,	IPHC)	-	not	financed	

Lundium	upgrade	of	TASISPEC	@	TASCA	
based	on	Ge:	Xray	gain	x2-3	

Enhanced	X-ray	detec6on	efficiency	is	also	desirable	for	SIRIUS@S3	

276Mt	

276
109Mt

I
I+143

I+243

I+1

280 [E1]
237 [E1]

194 [E1]

494 [E2]

E
x

(keV)

0
43
86

280

732

280
111Rg

9.20 MeV

9.69 MeV
(
P

e-/auger ⇠ 0.08 MeV)

1



Low-energy	SHE	experiment	–	Laser	
spectroscopy	

S.	Raeder	et	la.,	Phys.	Rev.	LeW.		120	(2018)	232503	

253No:	Qs(gs:9/2)=	5.9(1.4)(0.9)	b	
					gK(9/2)	=	-0.22(5)	

	

Sarah	Eeckhaudt,	PhD	thesis,University	of	Jyväskylä,	2006		
R.D.Herzberg,	et	al.,Eur.Phys.	J.	A42	(2009)	333.	

B(M1)/B(E2)	depends	on	|(gK-gR)|/Q0	

gK,theo(9/2-[734])=-0.25	

Change	in	mean	square	radii	reproduced	by	
models,	which	predict	a	strong	central	
depression	

RADRIS@SHIP	

P.	Chhetri	et	al.,	Phys.	Rev.	LeW.	120	(2018)	263003	



Low-energy	SHE	experiments	–	
combined	techniques	

R.	Ferrer,	Nature	Comm.	8	(2017)	14520	
	
	
	
	
	
	

A.	Zadvornaya	et	al.,	PRX	8	(2018)	041008	

2020:	isomers	in	No	&	Lr	with	improved	in-gas-jet	
spectroscopy	@	GSI	(GANIL,	IJCLab)	

Atomic	
levels	

Binding		
energy	

Nuclear	
levels	

EM		
moments	

S3-LEB:	Combined	laser	&	mass	or	laser	
&	decay	spectroscopy	towards	Z=108	
(CEA,	GANIL,	IJCLab,	LPC)	



Conclusion	&	strategy	
-  Coherent	research	program	exploi6ng	the	availability	of	beam	6me	&	

setups	at	different	facili6es	
-  Strong	visibility	and/or	leadership	for	spectroscopy	&	synthesis	

experiments	at	FLNR,	RIKEN,	SPIRAL2,	strong	collabora6ons	with	ANL,	GSI,	
KU	Leuven,	JYFL	&	Mainz	

-  Collabora6ons	allow	for	exchange	of	technologies	&	know-how	
-  High	beam	intensi6es	are	of	prime	importance	(A/Q=7	injector	for	

SPIRAL2,	target/backing	&	beam	developments)	
-  Ac6nide	targets	are	required	to	study	neutron-rich	nuclei	and	go	beyong	

Z=110-113	
-  Long	–	very	long	beam	6mes	are	necessary	(rare	events	&	unknown	

ionisa6on	schemes)	->	this	requires	HR	&	mission	budget	
-  Complementary	techniques	are	necessary		&	measuring	more	than	one	

observable	in	one	shot	is	the	way	to	go	for	such	rare	events	



	 		
	 	



Vaste	uncharted	region	



A	variety	of	predicted	shapes	

S.	E.	Agbemava,	A.	V.	Afanasjev,	and	P.	Ring,	Phys.	Rev.	C	93,	044304	(2016)	

P.-H.	Heenen	et	al.,	Nuclear	Physics	A	944	(2015)	415–44	



Impact	in	other	fields	

S. Goriely et al., Astrophysical Journal 738 (2011) L32 

S.	Goriely	et	al.,	Nuclear	Physics	A	944	(2015)	158–176	

Proper6es	of	SHE,	in	par6cular	fission	
proper6es	,	are	crucial	for	modelling	the	r	
process	
Need	reliable	predic6ons	


