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F–69622 Villeurbanne, France

AG de l’IP2I

Villeurbanne, 7 Novembre 2019

M. Bender (IP2I Lyon) NEWFUN 7 Novembre 2019 1 / 15



C’est qui?

Participants

Michael Bender (DR2 CNRS)

Karim Bennaceur (MC UCBL1)

Dany Davesne (Pr UCBL1)

N. N. (postdoc)

en collaboration avec (sur leurs
fonds propres)

Jacek Dobaczewski (Pr, York)

Alessandro Pastore (Lect, York)

Wouter Ryssens (postdoc, Yale)

A la recherche du temps perdu:

AAPG 2008 ”SQUASE” – Spectroscopic quality
Skyrme energy density functional
(CENBG + IPNL + CEA Saclay) pas accepté
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densité d’énergie pour les noyaux lourds
(IP2I) accepté!
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nucléaire
(CENBG + IPNL + CEA Saclay) accepté!
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expérience et théorie
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Où trouve-t-on des noyaux super-lourds?

https://www.nndc.bnl.gov/nudat2/

isotope: même Z , N différent

isotone: même N, Z différent

isobar: même A = N + Z , T3 = N − Z différent

isodiaphers: même T3 = N − Z , A différent
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Où trouve-t-on des noyaux super-lourds?

Erler et al, Nature 486 (2012) 509

application of modern optimization and statistical methods, together
with high-performance computing, has revolutionized nuclear DFT
during recent years.

In our study, we use quasi-local Skyrme functionals15 in the
particle–hole channel augmented by the density-dependent, zero-
range pairing term. The commonly used Skyrme EDFs reproduce total
binding energies with a root mean square error of the order of
1–4 MeV (refs 15, 16), and the agreement with the data can be signifi-
cantly improved by adding phenomenological correction terms17. The
Skyrme DFT approach has been successfully tested over the entire
chart of nuclides on a broad range of phenomena, and it usually per-
forms quite well when applied to energy differences (such as S2n), radii
and nuclear deformations. Other well-calibrated mass models include

the microscopic–macroscopic finite-range droplet model (FRDM)18,
the Brussels–Montreal Skyrme–HFB models based on the Hartree–
Fock–Bogoliubov (HFB) method17 and Gogny force models19,20.

Figure 2 illustrates the difficulties with theoretical extrapolations
towards drip lines. Shown are the S2n values for the isotopic chain of
even–even erbium isotopes predicted with different EDF, SLy421, SV-
min13, UNEDF015, UNEDF122, and with the FRDM18 and HFB-2117

models. In the region for which experimental data are available, all
models agree and well reproduce the data. However, the discrepancy
between various predictions steadily grows when moving away from
the region of known nuclei, because the dependence of the effective
force on the neutron-to-proton asymmetry (neutron excess) is poorly
determined. In the example considered, the neutron drip line is
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Figure 2 | Calculated and experimental two-neutron separation energies of
even–even erbium isotopes. Calculations performed in this work using SLy4,
SV-min, UNEDF0 and UNEDF1 functionals are compared to experiment2 and
FRDM18 and HFB-2117 models. The differences between model predictions are
small in the region where data exist (bracketed by vertical arrows) and grow

steadily when extrapolating towards the two-neutron drip line (S2n 5 0). The
bars on the SV-min results indicate statistical errors due to uncertainty in the
coupling constants of the functional. Detailed predictions around S2n 5 0 are
illustrated in the right inset. The left inset depicts the calculated and
experimental two-proton separation energies at N 5 76.
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Figure 1 | Nuclear even–even landscape as of 2012. Map of bound even–even
nuclei as a function of Z and N. There are 767 even–even isotopes known
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error bars). The S2n 5 2 MeV line is also shown (brown) together with its
systematic uncertainty (orange). The inset shows the irregular behaviour of the
two-neutron drip line around Z 5 100.
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C’est quoi, un noyau super-lourd?

Ćwiok et al, NPA 611 (1996) 211

compétition entre tension de surface et répulsion Coulombienne. Coulomb gagne
pour Z ' 100

stabilisation par des ”effets de couches”

ı̂lot de stabilité?
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Ce sont aussi les plus lourds éléments chimiques

https://iupac.org/wp-content/uploads/2018/12/IUPAC Periodic Table-01Dec18.jpg
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Que savons nous des noyaux super-lourds?

A. Drouart & M. Bender, La Recberche mensuel No 524 daté juin 2017, pages 44-50

Têtière.Suite.Titredossier
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Dans ce modèle, les noyaux adoptent différentes 
formes, chacune ayant une énergie différente. 
Passer d’une forme à une autre nécessite donc de 
franchir une certaine « barrière » d’énergie poten-
tielle. On peut par exemple voir le processus de 
fission comme la déformation d’un noyau initia-
lement sphérique ou légèrement déformé qui, 
avant de se séparer en deux noyaux fils, doit pas-
ser par une configuration plus allongée, d’énergie 
interne plus grande. Le franchissement de cette 
barrière d’énergie est permis par l’effet tunnel (*) 
quantique. Plus cette barrière de fission est basse, 
plus le temps de fission est court. Dans les pre-
miers modèles, les noyaux superlourds ne présen-
taient pas de barrière de fission. Ils auraient alors 
fissionné instantanément. Ce n’est pas ce qui est 
observé. Ces modèles négligeaient les effets quan-
tiques, lesquels assurent une barrière de fission 
chez les superlourds et donc leur existence.
Ces effets quantiques régissent la structure en 
couche des noyaux, une structure aussi utilisée 
pour décrire les noyaux légers (lire p. 36). On 

parle de couche remplie, ou de « fermetures de 
couches », pour des configurations de nucléons 
qui sont particulièrement difficiles à exciter, 
similaires à la structure en couches fermées 
des électrons dans les atomes, qui rend les gaz 
nobles chimiquement inertes. Chez les noyaux 
légers, les nombres de protons ou de neutrons 
correspondants sont dits « magiques », parce 
qu’ils donnent des propriétés nucléaires parti-
culières, comme un surcroît de stabilité.
Inspirés par ces concepts, les physiciens spé-
culent depuis longtemps sur l’existence des 
noyaux beaucoup plus lourds, avec des ferme-
tures de couches sphériques. Il existerait un « îlot 
des noyaux superlourds » dont les durées de vie 
seraient beaucoup plus longues que celles de 
leurs voisins dans la carte des noyaux : jusqu’à 
plusieurs années en théorie pour un noyau de 
copernicium (112 protons) qui aurait 184 neu-
trons, alors que les noyaux de cet élément syn-
thétisés aujourd’hui, avec 173 neutrons, ne 
vivent qu’une trentaine de secondes  environ 

atteint ses limites : l’expérience japonaise a duré 
près de deux ans, a accéléré plus de dix milliards 
de milliards de noyaux de zinc 70 (30 protons) 
sur une cible de bismuth 209, pour synthétiser 
au final trois (oui, trois !) noyaux (2). La seconde 
famille emploie une cible d’actinides (tel l’ura-
nium) bombardée par un faisceau de calcium 48 
(20 protons). C’est cette méthode qui a permis 
de fabriquer les éléments jusqu’à l’oganesson 
(118 protons), l’élément le plus lourd connu, avec 
une cible de californium (98 protons). Là encore, 
seuls trois atomes ont été synthétisés après des 
mois d’expériences (Fig.  1).

Des modèles du noyau

À travers l’étude des noyaux superlourds, les phy-
siciens tentent de mieux comprendre la structure 
du noyau de l’atome, et notamment les effets 
quantiques, qui jouent un rôle crucial dans leur 
stabilité. À cause de leur charge électrique éle-
vée, les noyaux lourds sont instables et se désin-
tègrent, principalement en se dissociant en deux 
fragments, soit par désintégration alpha (émis-
sion d’un noyau d’hélium 4, composé de deux 
neutrons et de deux protons), soit par fission 
(rupture du noyau en deux fragments de taille 
moyenne). Quand le nombre de protons aug-
mente, la fission devient le mode de désintégra-
tion dominant, imposant une limite aux noyaux 
les plus lourds qui peuvent exister.
Pour comprendre pourquoi les noyaux super-
lourds peuvent exister, il faut modéliser les pro-
cessus en leur sein. Faute de moyens de calcul 
numérique suffisants aujourd’hui, cette tâche 
est irréalisable en partant des principes fonda-
mentaux de l’interaction nucléaire et de la méca-
nique quantique, où l’état d’un nucléon dépend 
explicitement de l’état de chacun des autres (lire 
p. 38). De plus, les détails fins des interactions 
entre les nucléons, qui jouent un grand rôle dans 
la compréhension des noyaux légers, n’ont plus 
la même importance pour les noyaux lourds, 
qui ont un grand nombre de nucléons. Il faut 
donc davantage employer des modèles du noyau 
qui se limitent aux variables pertinentes du sys-
tème. On peut y parvenir en décrivant le noyau 
par des interactions entre les densités et cou-
rants nucléoniques (c’est-à-dire les distributions 
des positions et des mouvements des nucléons), 
où l’état de chaque nucléon dépend de l’état des 
autres nucléons en moyenne : c’est la méthode 
dite « de champ moyen ».

deux noyaux de départ est importante, plus la 
réaction de fusion est facilitée. Autrement dit, il 
est plus facile d’intégrer un petit noyau à un gros 
que deux moyens ensemble. Les noyaux tels le 
plomb 208 ou le calcium 48 sont très favorables 
aux réactions de fusion-évaporation : l’énergie 
de liaison élevée de ces noyaux diminue l’éner-
gie d’excitation du noyau composé par fusion, 
ce qui augmente d’autant ses chances de sur-
vie. Enfin, la vitesse du projectile joue un rôle 
crucial : plus elle est élevée, plus les chances de 
fusion sont importantes. Mais l’énergie d’exci-
tation du noyau composé augmente également 
et diminue alors ses chances de survie à la fis-
sion. Il existe une vitesse optimale qui maximise 
le taux de production final.
Deux types de réactions sont adoptés. L’une uti-
lise divers projectiles sur une cible de plomb 
(82 protons) ou de bismuth (83 protons). Elle a 
permis la production de tous les éléments super-
lourds jusqu’au nihonium (113 protons) mais a 

il aura fallu un milliard de milliards de pro-
jectiles pour fabriquer un seul noyau avec plus 
de 112 protons !
Ces probabilités très faibles illustrent la diffi-
culté à produire les noyaux les plus lourds. Une 
partie du travail consiste à trouver les meilleurs 
paramètres expérimentaux pour maximiser les 
chances de réussite. Tout d’abord il faut trouver 
le meilleur couple projectile-cible. Les limita-
tions sont en premier lieu pratiques. Il doit être 
possible de produire des faisceaux de très haute 
intensité à partir des noyaux projectiles. Le noyau 
cible doit pouvoir être fourni en quantité macro-
scopique (quelques grammes), avec une bonne 
pureté isotopique. Cela devient un véritable défi 
technique si l’on veut une cible de californium 
(98 protons), qui est un matériau produit en 
réacteur nucléaire et radioactif. Au-delà de ces 
considérations pratiques, la structure nucléaire 
des noyaux joue un rôle important dans les taux 
de réaction. Plus l’asymétrie de masse entre les 
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Fig. 1  Synthèse de l’oganesson : un défi expérimental

(*)  L’effet tunnel  attribue 
à un objet quantique une 
probabilité non nulle de franchir 
une barrière d’énergie, même si 
l’énergie de l’objet est inférieure 
à la hauteur de la barrière.

Il existerait un « îlot des noyaux 
superlourds » dont les durées de vie 
seraient beaucoup plus longues

1   Un noyau de calcium (20 protons) 
est projeté sur une cible de californium 
(98 protons). Souvent, les noyaux 
passent loin l’un de l’autre ou se séparent 
immédiatement.

2   Environ une fois sur un milliard, les 
noyaux fusionnent. Le noyau composé 
possède 118 protons et beaucoup d’énergie 
d’excitation interne, ce qui le rend très 
instable. La plupart du temps, il fissionne.

3   Une fois sur un milliard 
de fusions, le noyau 
composé se désexcite  
par émission de neutrons. 
Son cortège d’électrons 
s’organise : l’oganesson 
est formé.

4   Le nouvel élément se désintègre 
successivement en noyaux plus légers.  
La détection des particules alpha (2 protons 
et 2 neutrons) permet d’identifier ces 
éléments (livermorium, flérovium et 
copernicium) et de déduire que l’oganesson 
a été fabriqué. À ce jour, trois noyaux 
d’oganesson ont été ainsi mis en évidence.

taux de production très petits

spéctroscopie prompte (rayons
γ, e− de conversion, rayons X )

spéctroscopie de décroissance
après implantation (rayons α,
β, γ, fission)

spéctroscopie laser (distribution
de charge et de magnétisation
dans le noyau sondé par les e−

atomiques)

mésures de masse

Ketelhut et al, PRL 102 (2009) 212501

discovery of rotational bands in the even-even nuclei
252;254No and 250Fm [7–10]. Odd-mass nuclei are more
difficult to study, as the decay intensity is usually frag-
mented over several bands. Rotational bands have been
reported only for 253No [11,12] and 251Md [13]. Recent
experimental work carried out in this region is reviewed in
Ref. [12]. This Letter reports on the results of two experi-
ments carried out to study the rotational properties of the
Z ¼ 103 nucleus, 255Lr. These studies are at the extreme
limit possible with modern techniques, and state-of-the-art
digital electronics have been employed in order to obtain
data of highest quality.

Though 255Lr was first observed in 1969 [14,15], experi-
mental information concerning the level structure is still
limited. Chatillon et al. determined the ground and first
excited state to have the configuration 1=2"½521$ and
7=2"½514$, respectively [16]. Both of these states decay
by !-particle emission, the 7=2"½514$ state being at an
excitation energy of just 37 keV. An isomeric state has
been found by measuring delayed electrons from converted
electromagnetic transitions decaying to the ground state
[17,18], using the same technique as in recent studies of
252;254No and 250Fm [10,19–22]. A number of " rays were
observed in the decay of the isomer, with energies 244,
301, 387, 492, and 588 keV, though no clear decay scheme
was constructed. The isomer is speculated to be a three
quasiparticle state built by coupling the odd proton to a
two-neutron quasiparticle configuration.

Two experiments have been performed at the
Accelerator Laboratory of the University of Jyväskylä
(JYFL) to study 255Lr via the reaction
209Bið48Ca; 2nÞ255Lr. The 48Ca beam delivered by the
K130 cyclotron irradiated 209Bi targets with thicknesses
of 420 #g=cm2 and 460 #g=cm2 in the first and second
experiment, respectively. The targets were mounted on a
carbon backing of 40 #g=cm2. The beam energy was
chosen to be 221 MeV at the beginning of the first experi-
ment. An improvement of the yield was achieved when
changing to 219 MeV for the last quarter of the beam time.
The recoils were separated from projectiles and transfer
products by the gas-filled separator RITU [23], and im-
planted into the double-sided silicon strip detector (DSSD)
of the focal-plane detector setup GREAT [24]. With an
average beam intensity of 12 pnA, a total of 1140 !
particles from 255Lr were detected in approximately
200 hours of irradiation. The beam energy was chosen to
be 219 MeV in the second experiment, producing 520 !
particles after approximately 50 hours of irradiation with
an average beam intensity of 24 pnA.

Prompt " rays were detected with JUROGAM, an array of
43 Compton-suppressed germanium detectors with a total
photopeak efficiency of 4.2% at 1332 keV [25]. In the
second experiment the preamplifier signals from
JUROGAM were digitized immediately using TNT2

100 MHz flash ADC cards [26], rather than the normally

used analogue shaping amplifiers and total data readout
TDR time-stamping ADC cards. With digital electronics the
individual germanium detectors could count at approxi-
mately 20 kHz with no adverse affect on spectrum quality.
This increased count rate capability meant more in-beam
data could be processed, such that the 255Lr yield could be
doubled. All data were read out synchronously with the
TDR data acquisition system [27] and analyzed with the
software GRAIN [28].
Figure 1(a) shows a spectrum of prompt " ray singles

which occur in a time window of 0:2 #s, approximately
1 #s before the fusion-evaporation recoil event is detected
at the focal plane. The spectrum is dominated by peaks at
the energies of the Lr K " ! and K " $ x rays between
125 and 145 keV (scaled by a factor of 5 for clarity).
Though the statistics in this spectrum are limited, a se-
quence of six peaks with rotational-like spacing is visible
with energies of 196.6(5), 247.2(5), 296.2(5), 342.9(5),
387(1) and 430(1) keV (marked with dotted lines).
Support for the assignment of this sequence of " rays to
a rotational band is given by the investigation of recoil-
gated "-" coincidences, presented in Fig. 1(b). The figure
depicts a sum of spectra projected from a recoil-gated "-"
coincidence matrix, in coincidence with the transitions
marked by dotted lines. The spectrum is almost back-
ground free in the region of the transitions from 0 to
450 keV, such that almost all of the counts can be found
at the position of either the " peaks or the x rays. The band
shows a striking similarity to the rotational structure found
by Chatillon et al. in 251Md [13], which was assigned to be
based on the 1=2"½521$ state.
Inspection of Fig. 1(b) shows no evidence for a second,

signature-partner rotational band which would be expected
if the structure was based on a high-K orbital such as 7=2.

 6
 4
 2
 0

 100  150  200  250  300  350  400  450
Energy [keV]

(c)

C
ou

nt
s/

ke
V

 6
 4
 2
 0

(b)
 0

 5

 10

 15

 20 (a)
x1/5

Kα

Kβ

}

19
6.

6(
5)

24
7.

2(
5)

29
6.

2(
5)

34
2.

9(
5)

38
7

43
0

18
9

23
9

28
8.

4(
5)

33
8

38
421

5

26
4.

6(
5)

31
4.

0(
5)

35
9

C
ou

nt
s/

ke
V

FIG. 1. (a) Spectrum of " ray singles in delayed coincidence
with fusion-evaporation residues. The energies shown have an
error of 1 keVunless marked otherwise. (b) Sum of "-ray spectra
projected from the recoil-gated "-" coincidence matrix in co-
incidence with transitions marked by dotted lines. (c) As in (b),
but for the transitions marked with dashed lines.
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Systèmes complèxes

Herzberg et al, Nature 442 (2006) 05069

deposition onto the surface of a detector. The subsequent a-decay of
the ground state could then be recorded independent of the position
of the wheel. The present half-life of T1/2 ¼ 266 ^ 2ms agrees very
well with the previous value12. In addition, the high energy g-rays
(841 and 943 keV) observed in this work can provide the recoil
momentum to the 254No ions necessary to explain the tentative
findings of Ghiorso et al.12 and thus provide a solution for a 30-year-
old experimental puzzle.
Tantalizing first glimpses of a short-lived isomer were seen in our

earlier experiments24, but owing to low statistics we were unable to
deduce a half-life or a decay scheme. In the present work, the short-
lived 184 ms isomer has been unambiguously identified. It feeds the
266ms isomer via a cascade of transitions that include a prominently
visible 606 keV g-ray (Fig. 2d). Other experimental signatures essen-
tial to untangling the complex decay path of this isomer are given by
the rather large total energy emitted in the form of conversion and
Auger electrons (Fig. 2b) and the presence of strong L and K X-rays,
which clearly show that the majority of these transitions are highly
converted and therefore do not proceed via g-ray emission. Taking
into account the measured total energy, this isomer must lie at least
1.2MeV higher in excitation energy than the 266ms isomer. We have
alsomodelled the decay path of this isomer to determine a lower limit
on the spin of this state, and find the best agreement of the
calorimetric electron signal if one assumes a decay path that changes
the total angular momentum by 6–8 units, suggesting a spin of
J $ 14 for this isomer.

Fromthe single-particle orbitals predicted around the Fermi surface,
both a two-neutron structure {7=2þ½624$u £ 1=2þ½620$u}ð3þÞ and a
two-proton structure {1=22½521$p £ 7=22½514$p}ð3þÞ with spin and
parity 3þ can be formed. (Here states are identified via the standard
Nilsson labels of the single quasi-particles in question.) To distinguish
between these configurations experimentally, the g-factors of both
these configurations can be calculated from the g-factors of the
individual orbitals to give guuK ¼ 0:530 and gppK ¼ 0:824: The experi-
mental value of gexpK ¼ 0.87 ^ 0.14 clearly identifies the K ¼ 3
bandhead as a two-proton excitation involving the 1/22[521]p orbital,
stemming from the spherical 2f5/2 orbital above the Z ¼ 114 shell.
Thus it is now possible for theoretical models to use this firm assign-
ment as a stepping stone to constrain the parameterizations used in the
prediction of the spherical superheavy nuclei.
A unique feature of this mass region is the occurrence of both two-

proton and two-neutron high-K isomers with spin and parity
Jp ¼ 82 at low excitation energies. The structure of the 266ms
isomer has been calculated by a number of authors11,12,25,26. A two-
quasi-proton state with a structure {7=22½514$p £ 9=2þ½624$p}ð82Þ is
found in all calculations. The low-lying isomeric two-quasi-neutron
state is generally calculated with structures {7=2þ½624$u £
9=22½734$u}ð82Þ and {7=2þ½613$u £ 9=22½734$u}ð82Þ: In all calcu-
lations, the structures are predicted to lie at excitation energies
between 1 and 2MeV. We compare the predictions and recent
calculations (using the projected shell model27,28) with the experi-
mental data in Fig. 4. The majority of calculations consistently
predict the two-neutron configuration to lie lowest in energy,
although the two-proton configuration should be favoured for the
82 state over the two-neutron configurations, as the decay from the
isomeric {7=22½514$p £ 9=2þ½624$p}ð82Þ state to the {1=22½521$p £
7=22½514$p}ð3þÞ state only involves the transition of a single proton
rather than that of two protons and two neutrons. However, the
long half-life of the isomer might be partially due to just such a
change. This highlights the problems faced by experimenters if
they have to rely on guidance from theory to make structural
assignments in this region: theoretical calculations still cover a
wide range, and it is precisely the kind of detailed data presented
here that will have a major impact on the development of these
models.
The structure of the 184 ms isomer has not been discussed

in the literature so far. We propose that this state is built on a

Figure 3 | Proposed level scheme of 254No. The 266ms 82 isomer is
connected to the ground state via an excited 3þ two-quasi-particle
{1=22½521$p £ 7=22½514$p}ð3þÞ band. The 184ms (16þ) isomer populates
the 82 isomer band. Details of the exact decay path are tentative, but include
a prominent 606 keV g-ray and a cascade of conversion electrons, which
establish its position in the level scheme. Transitions are labelled by their
energies in keV, Jp denotes the spin and parity of a level. Levels are grouped
according to the projection of the total angular momentum on the
symmetry axis of the nucleus (K quantum number).

Figure 4 | Suggested configurations of the 266ms isomer. The lowest
configurations are the two-neutron {7=2þ½624$u £ 9=22½734$u}ð82Þ (a)
and {7=2þ½613$u £ 9=22½734$u}ð82Þ (b–d) two-quasi-particle
configurations with spin and parity Jp ¼ 82. The two-quasi-proton
{7=22½514$p £ 9=2þ½624$p}ð82Þ configuration lies higher in energy in nearly
all cases. Levels are labelled with energy in MeVand the Nilsson labels of the
individual quasi-particle levels. The indices u and p as well as the labels nn
and pp refer to neutron and proton configurations, respectively. Exp,
experimental levels deduced in this work. a, Calculations from this work
(Y.S.); b, ref. 11; c, ref. 25; and d, ref. 26.
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Ahmad et al, PRC72 (2005) 054308

ENERGY LEVELS OF 251Cf POPULATED IN THE α DECAY OF . . . PHYSICAL REVIEW C 72, 054308 (2005)

FIG. 6. Low-energy levels of 251Cf de-
duced from previous studies. Level en-
ergies in kiloelectron volts are from the
present work. The Nilsson-state configura-
tion is shown below each band. The Kπ =
3/2− band at 981.4 keV is assigned to the
{7/2+[613] ⊗ 2−}3/2− configuration.

870.9 keV have been identified in the 255Fm γ -ray spectrum,
which could not be placed in the level scheme. The intensity
of the 870.9-keV γ ray was reduced when the source was
sandwiched between two Pt disks, indicating that this γ ray
does not belong to 255Fm α decay and that it is produced in
the 14N(α, pγ ) reaction. The 774.0- and 836.2-keV γ rays
have roughly the same intensities relative to those of known
255Fm γ rays in all spectra and decay with roughly the same
half-life as 255Fm. These observations suggest that these two
γ rays belong to the 255Fm decay. The 836.2-keV γ ray has
been tentatively assigned to the decay of a 942.5-keV level.
This level also decays to the 3/2+[622] band at 177.59 keV,
as indicated by the coincidence of the 731.0- and 764.7-keV γ
rays with Cf K x rays. The most likely spin-parity for this level
is 5/2−, and we assign this level as a {7/2+[613] ⊗ 1−}5/2−

configuration. The energy of this state is calculated [14] in

the isotone 249Cm to be 1160 keV, which is moderately higher
than the experimental energy.

In Ref. [3] a very small peak was observed in the 250Cf(d, p)
reaction at an excitation energy of 775 keV. The small cross
section indicates that it is a hole state. We tentatively assign
this state to the 3/2 member of the 1/2+[631] Nilsson state
and the 774.0-keV γ ray as the transition from this level to
the ground state of 251Cf. However, we have not identified any
other transition from the decay of the 1/2+[631] band.

There are several γ rays that could not be placed in the
level scheme, and these are given at the end of Table I. These
γ rays could belong to the 1/2+[631] and 7/2+[624] Nilsson
orbitals, which are expected to lie below 1 MeV excitation in
251Cf. We have not observed any γ ray from the decay of the
9/2+[615] Nilsson state, which was identified at 683 keV in
the (d, p) reaction [3].

054308-9
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Ou commencer si on veut modeliser des noyaux (lourds)?U N I V E R S A L  N U C L E A R  E N E R G Y  D E N S I T Y  F U N C T I O N A L

interactions, governs the dynamics and proper-
ties of quarks and gluons that form baryons and
mesons (“Probing Matter at Subnuclear Scales,”
SciDAC Review, Summer 2007, p36). Hence, it is
also responsible for the forces that bind nuclei. In
this area, significant progress is being made by
computing properties of inter-nucleon forces
using the effective field theory (EFT), which starts
from an effective Lagrangian that retains the basic
symmetries of QCD and is constructed in terms
of nucleon and pion fields and their derivatives.
A power-counting scheme enables one to write
down various terms of the nuclear interaction in
a systematic way. The unknown low-energy cou-
pling strengths that appear in the expansion must
be determined from experiment, or eventually
from lattice QCD. 

An important breakthrough in nuclear theory
came more than 30 years ago with the realization
that three-body forces are an integral part of the
nuclear problem because two-nucleon forces
alone could not account for the binding energy of
the triton, or alpha particle. Of course, it is a nat-
ural idea since nucleons are not point particles.
At the time several models of three-nucleon
forces were developed, but the capability to cal-
culate the effect of three-body forces in all but the
smallest nuclei did not occur until the last 10
years. In fact, the beauty of EFT has been to sys-
tematically define what those forces should look
like. 

The main ingredient of DFT is the energy den-
sity functional that depends on densities and cur-
rents representing distributions of nucleonic
matter, spins, momentum, and kinetic energy and
their derivatives (gradient terms). Standard func-
tionals used in nuclear DFT calculations have
been parameterized by means of about 10 cou-
pling constants that are adjusted to basic proper-
ties of nuclear matter (such as saturation density,
binding energy per nucleon) and to selected data
on magic nuclei. The functionals are augmented
by the pairing term which describes nuclear
superfluidity. When not corrected by additional
phenomenological terms, standard functionals
reproduce total binding energies with a root
mean square error of  about 2 MeV; however, they
have been successfully tested over the whole
nuclear chart on a broad range of phenomena and
usually perform quite well when applied to energy
differences, radii, and nuclear moments and defor-
mations. Historically, the first nuclear energy den-
sity functionals appeared in the context of
Hartree–Fock or Hartree–Fock–Bogoliubov
methods and zero-range interactions such as the
Skyrme force. However, it was realized after-
wards that—in the spirit of DFT—an effective
interaction could be secondary to the functional,
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Figure 4.  The basic elements (degrees of freedom) of strongly-interacting matter
depend on the energy of the experimental probe and the distance scale. The building
blocks of the theory of strong interactions, quantum chromodynamics (QCD), are quarks
and gluons. Hadrons (baryons and mesons) can often be described by the dynamics of
the effective (or constituent) quarks, with the gluon degrees of freedom being integrated
out. The classical nuclear physics problem is an effective approximation to QCD. It
involves a strongly interacting quantum mechanical system of two fermionic species,
protons and neutrons. A common starting point for nuclear physics is an inter-nucleon
interaction, represented by a potential or by a set of meson-exchange forces. For complex
nuclei, calculations involving all protons and neutrons become prohibitively difficult.
Therefore, a critical challenge is to develop new approaches that identify the important
degrees of freedom of the nuclear system and are practical in use. Such a strategy is
similar to what is being used in other fields of science, in particular in condensed matter
physics, atomic and molecular physics, and quantum chemistry. Of particular importance
is the development of the energy density functional, which may lead to a comprehensive
description of the properties of both finite nuclei and extended asymmetric nucleonic
matter. Here, the main building blocks are the effective fields represented by local proton
and neutron densities and currents. Finally, for certain classes of nuclear models, in
particular those representing emergent many-body phenomena that happen on a much
lower energy scale, the effective degrees of freedom are collective coordinates describing
various vibrations and rotations and the large-amplitude motion as seen in fission.
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hierarchie des phénomènes émergents à
plusieurs niveaux

”degrés de liberté” utiles pour decrire
des phénomènes à basse énergie
d’excitation

occupations des niveaux dans les
spéctres des particules à un corps
densités à une particule des neutrons
et protons
”déformation”
. . .

distribution de densité (calculé) du 240Pu dans son référentiel intinsèque
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Fig. 1. Example of a Nilsson diagram of neutron single-
particle energies as obtained with the Skyrme interaction 
SLy5s1, covering prolate deformations between a spherical 
shape (b = 0) and the prolate deformed ground state at 
(b » 0.3) [Ben18]. Labels to the left indicate total angular 
momentum and parity of spherical shells, labels to the right 
the component of angular moment along the symmetry axis 
and parity of deformed single-particle states. 

 

 
 
Fig. 2. Spectrum of one-quasiparticle states in 251Cf 
obtained from total binding energy differences from  
blocked HFB calculations with the Skyrme interactions 
SLy5s1, SLy5*, SLy4, SkM*, and SGII and compared with the 
available experimental data [Ben18]. Levels of quasiparticle 
states dominated by single-particle states above (below) 
the Fermi energy are drawn at positive (negative) energy as 
in Ref. [Dob15]. 

 
 
New instrumentation dedicated to the physics of these very heavy nuclei is presently under 
construction at the Grand accélérateur national d'ions lourds (GANIL) in Caen, France (which are the 
Super Separator Spectrometer S3 at SPIRAL II phase 1, the VAMOS gas-filled separator to be 
commissioned in 2019 in conjunction with the Advanced GAmma-ray Tracking Array AGATA,  and, as 
a new emerging field in the study of very heavy nuclei, laser-ionization spectroscopy of at the future 
Low Energy Branch of S3), and at Dubna in Russia (The SHE factory, first experiments presently 
performed [Dmi16]). It is expected that the event rates obtained at these installations will exceed the 
present ones by one or even two orders of magnitude, thereby pushing the limits of feasible studies 
and yielding more detailed information on nuclei already studied in the past. 

 
The experimental progress has been achieved in close interaction with theoretical studies. In fact, one 
of the primary motivations to launch experimental programs to synthesize heavy elements in the 
1970s has been the prediction that the nuclear chart might extend much further out than can be 
naively expected, with an "island of stability" of relatively long-lived nuclides, stabilised by shell effects 
and to be found at mass numbers around 300 [Hof15, Ack17, Oga17]. At present, models based on a 
self-consistent mean field and using an energy density functional (EDF) as effective interaction are the 
only fully microscopic tools that can be applied to such heavy systems without assuming an inert core. 
There is, however, no systematic calculation of all properties of interest for the interpretation of 
experimental data that has been carried out so far within the same framework. Instead, the 
interpretation of data often requires combination of results obtained within different methodologies 
that use different EDFs and also differ in choices made for other details of the model. 
 
Before carrying out any large-scale calculation, however, it is desirable to improve on the quality of 
the EDF to be used. While all modern standard parameterisations of the EDF provide a sequence of 
single-particle levels around the Fermi energy that is quite similar to the empirical one deduced from 
experiment, they all fail to reproduce correctly the relative distances of these levels [Asa15, The15, 
Ack17]. An example is given in Figure 2 for one-neutron quasi-particle states in the odd-N nucleus 251Cf. 
The failure to describe quantitative details of these data seriously compromises the achievable 
predictive power for nuclei in this part of the nuclear chart. The problem concerns all types of the 
nuclear EDF presently used [Ben13, Dob15], and cannot be consistently removed by a small local 

Bender et al, to be published

gauche: énergies des particules individuels dans le modèle (qui sont non-observable)

droite: énergies de séparation de neutron entre le système à N corps et le système à
N − 1 corps (multiplié avec −1 pour au cas de séparation d’un neutron occupé)
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. . . et son impact sur des observables

Bender et al, to be published
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δ2n(N,Z) ≡ E(Z ,N − 2)− 2E(N,Z) + E(Z ,N + 2)

Qα(N,Z) ≡ E(Z ,N)− E(Z − 2,N − 2)− E(2, 2)
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Barrières de fission

Bender & Heenen, unpublished
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Particulatités des noyaux super-lourds: Frustration Coulombienne et grande densité des niveaux

Bender & Heenen, J. Phys. Conf. Ser. 420 (2013) 012002
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Une ”vielle” fonctionnelle de la densité d’énergie

E = Ekin + ESkyrme + ECoul + Epair + Ecorr

ESkyrme =

∫
d3r
∑
t=0,1

+t∑
t3=−t

{
Cρρt [ρ0]ρtt3 ρt −t3

+ Cρτt (ρtt3 τ t −t3 − jtt3 · jt −t3
)

+ Cρ∆ρ
t ρtt3 ∆ρt −t3

+ C ss
t [ρ0]stt3 · st −t3 + C s∆s

t stt3 ·∆st −t3

+ C sT
t

(
stt3 · Tt −t3 −

∑
µ,ν=x,y,z

Jµν;tt3Jµν;t −t3

)
+ Cρ∇J

t

(
ρtt3∇ · Jt −t3 + stt3 · ∇ × jt −t3

)
+ C sF

t

(
stt3 · Ft −t3 −

1
2

∑
µ,ν=x,y,z

Jµν;tt3Jνµ;t −t3 −
1
2

∑
µ,ν=x,y,z

Jµµ;tt3Jνν;t −t3

)

+ C∇s∇s
t

(
∇ · stt3

)(
∇ · st−t3

)}
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