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Foreword

This lecture aims at understanding 

-> the context of SHE studies  
-> the state of art in SHE studies 
     (in physics and chemistry…)

Unfortunately 1.5 hour  is rather short and I have 
to skip some of the results … sorry !
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What do we know about nuclear stability ?
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What do we know about nuclear stability ?
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Limits of existence of nuclei ?

Drip lines
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Nuclear binding energy …

Aston curve

Binding energy  per 
nucleon 

B/A 
as a function of  

A 



Nuclear binding energy … and radioactivity
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Liquid drop model



Beyond liquid drop …
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Magic numbers …
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Magic numbers …
Z N
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FRLD 114 178

What are the a 
magic 
numbers for  
SHE ?

<



NEXT magic numbers … 28 50 82 126
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- Where is the ultimate island of stability ? 
- What is the limit of nucleus stability ? 
- What are the influences on nuclear forces ?
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Femto - ballistics



Cross section

Plan Incident Plan de cible

 

Incident plane       —>      target plane



Plan dee cibleePlan Incident

 

Stotal = Ntarget atoms x Sefficient



Plan dee cibleePlan Incident

 

…often in pµA
(1 pµA = 6 1012 ions/s)

Reaction flux calculation
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A»150
Radioactive

unstability of heavy nuclei …

V
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Q = 5 MeV

- 35 MeV

Gamow Theory and
Tunnel effect

Radioactive decay constant 
λ = p.f

f ~1021Hz
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Fusion cross section



Coulomb force depends on the 
orientation of the target and the 

projectile

Effects of the entrance 
channel
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Coulomb barrier (1 dimension)
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Fusion-evaporation reaction

quasi-elastic ou 
deep-inelastic Projectile

Target

Fusion-Fission

Quasifission

Fusion

Compound 
Nucleus

n

n

γ

γ

E*

α

Evaporation 
Residue = SHE

γ

γ

γ

Fusion-evaporation



Fusion-evaporation reaction
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Statistical evaporation
of x neutrons

Maxwell Energy
Distribution

Exit channel as a function of Energy

« xn » channel



Coulomb barrier (Z dependance)

Coulomb barrier disappear progressively with Z



Coulomb barrier disappear progressively with Z

Coulomb barrier (Z dependance)

 
 … Fission is enhanced !



SHE production probability

© Y Oganessian et al. Rep. Prog. Phys. 78 (2015) 036301 ©
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drop one decade 
down each  
2 Mass unit !



SHE production probability

© Y Oganessian et al. Rep. Prog. Phys. 78 (2015) 036301 

Cross-section 
drops one 
decade down 
each  
2 Mass unit !

75 fb 
1 pµA                  <=>     1 evt per month 
500 µg/cm2



Heaviest elements 

Only a few  
events observed 

in years of 
study

72 Yu.Ts. Oganessian, V.K. Utyonkov / Nuclear Physics A 944 (2015) 62–98

Table 1
Decay properties of nuclei.

Z N A No. 
observeda

Decay mode,
branch (%)b,c

Half-lifec Eα (MeV) Q
exp
α (MeV) Refs.

118 176 294 d:4 α 0.69+0.64
−0.22 ms 11.66 ± 0.06 11.82 ± 0.06 [71,73,74]

117 177 294 d:3, t:2 α 51+38
−16 ms 10.81–11.07 11.18 ± 0.04 [74,86–89]

176 293 d:15 α 22+8
−4 ms 10.60–11.20 11.32 ± 0.05 [74,86–88]

116 177 293 d:4, s:1 α 57+43
−17 ms 10.56 ± 0.02 10.71 ± 0.02 [68–70,72]

176 292 d:5, s:4 α 13+7
−4 ms 10.63 ± 0.02 10.78 ± 0.02 [70,72]

175 291 d:3, s:1 α 19+17
−6 ms 10.74 ± 0.07

10.50 ± 0.02
10.89 ± 0.07 [49,71,72]

174 290 d:11 α 8.3+3.5
−1.9 ms 10.85 ± 0.07 11.00 ± 0.07 [49,71,73,

74]

115 175 290 d:4, t:2 α 650+490
−200 ms 9.78–10.31 10.41 ± 0.04 [74,86–89]

174 289 d:16 α 330+120
−80 ms 10.15–10.54 10.49 ± 0.05 [74,80,81,

86–88]
173 288 d:27, t:19 α 164+30

−21 ms 10.29–10.58 10.63 ± 0.01
≈ 10.7 [83]

[75,76,80,81,
83,84]

172 287 d:2, t1 α 37+44
−13 ms 10.61 ± 0.05 10.76 ± 0.05 [75,76,81,83,

84]

114 175 289 d:10, s:1, t:4, 
tc:1

α 1.9+0.7
−0.4 s 9.84 ± 0.02

9.48 ± 0.08
9.98 ± 0.02 [45,48,49,62,

65,68–70,72]
174 288 d:17, s:4, 

t:11, ic:2, 
tc:1

α 0.66+0.14
−0.10 s 9.93 ± 0.03 10.07 ± 0.03 [45,49,56,61,

62,65,70,72]

173 287 d:16, s:1, 
b:1, ic:1

α 0.48+0.14
−0.09 s 10.03 ± 0.02 10.17 ± 0.02 [46,49,56,61,

70–72]
172 286 d:25, b:2 α: 60+10

−11 0.12+0.04
−0.02 s 10.21 ± 0.04 10.35 ± 0.04 [46,47,49,56,

70,71,73,74]
171 285 b:1 α 0.13+0.60

−0.06 s [47]

113 173 286 d:4, t:2 α 9.5+6.3
−2.7 s 9.61–9.75 9.79 ± 0.05 [74,86–89]

172 285 d:17 α 4.2+1.4
−0.8 s 9.47–10.18 10.01 ± 0.04 [74,80,81,

86–88]
171 284 d:27, t:20 α 0.91+0.17

−0.13 s 9.10–10.11 10.12 ± 0.01
≈10.3 [83]

[75,76,80,81,
83,88,84]

170 283 d:1, t1 α 75+136
−30 ms 10.23 ± 0.01 10.38 ± 0.01 [75,76,81,83,

84]
169 282 d:2 α 73+134

−29 ms 10.63 ± 0.08 10.78 ± 0.08 [82]

112 173 285 d:10, s:1, t:4, 
ic:1, tc:1

α 28+9
−6 s 9.19 ± 0.02 9.32 ± 0.02 [45,48,49,60,

62,65,68–70,
72]

172 284 d:19, s:4, 
t:11, ic:2, 
tc:1

SF 98+20
−14 ms [45,49,56,61,

62,65,70,72]

171 283 d:22, s:4, 
b:1, ic:6

α: ≥ 93 4.2+1.1
−0.7 s 9.53 ± 0.02

9.33 ± 0.06
8.94 ± 0.07

9.66 ± 0.02 [46,49,
56–59,61,63,
70,71]  Y
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The experimental limits ?

48Ca  + 249Cf → 294Og +3n 

50Ti + 208Pb → 256Rf + 2n 

Synthesis (50fb)

Prompt spectroscopy (17 nb)

© Ackermann D.



Limits for SHE production

© Ackermann D.

beam intensity 
 - highest possible  ~1pµA (6 1012 pps) 
 - avoid target fusion

heaviest target available 
 249, 250, 251 Cf (z=98)
neutron-rich beams 
48Ca (z=20)

new intense  
neutron-rich beam 
50Ti (z=22)

Faisceau 50Ti



What can we learn from γ-e- spectroscopy ?
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Protons

150



Limits for prompt spectroscopy

…counting 
rate in Ge 
detectors …

256Rf
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© P Brionnet thesis

CLODETTE

Limits for delayed spectroscopy

beam intensity 
 - highest possible  ~0.6 pµA  
 - avoid target fusion
targets available

neutron-rich beams 
48Ca (z=20) 
50 Ti (z=22)

VASSILISSA - "VASSILISSA" electrostatic separator was put into operation in 1987. It's one of the FLNR's basic setups for synthesis 
of superheavy elements. In 2005 the experiments on study of decay properties of transfermium elements using gamma- and electrton 
spectroscopy methods were performed for the first time. This work has become feasible thanks to cooperation with French scientists.

http://flerovlab.jinr.ru/flnr/vassilissa.html
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abscissa. Mean lifetimes determined from three decay chains are shown
together with the symbols of the nuclides. Curves in the graphs correspond
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DGFRS (@FLNR Dubna) 
GFRS - Dubna gas-filled separator of recoil nuclei was put into operation in 1989. The 
separator is one of the FLNR basic research setups. A number of unique experiments on 
synthesis of new superheavy elements, among them Elements 112, 113, 114, 115, 116 and 118 
of the Periodic Table, were performed here.

Five  294Og (Z=118) observed

http://flerovlab.jinr.ru/flnr/gns.html
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Fig. 7. α-particle energy spectra for even-Z nuclei registered by the focal-plane detector only or together with the side 
one at DGFRS [48,49,56,68–71,73,74], IVO + COLD [57–61], SHIP [63,72], BGS [46,47], and TASCA [45,65]. Note, 
the energy resolution of α-particles detected simultaneously by the focal-plane and side detectors was up to 0.20 MeV 
(spectra for events with energy resolution better than 0.1 MeV shown in red). The data from the IVO + COLD are 
included if "Eα are published.

sults observed at DGFRS in the same reaction [56]. Here, three of the seven decay chains were 
detected as ER-SF sequences with presumably missing α particles of 283Cn. However, when 
283Cn is produced after the α decay of the parent nucleus 287Fl [46,49,56,61,70], only an up-
per limit of 7% for the SF branch of 283Cn can be derived. The population of isomeric and 
ground states, even with comparable lifetimes, in a direct reaction and after α decay cannot be 
excluded (compare with 261Rf [110,111]). Further, α decays of the even–odd nuclei lead to SF 
of 265,267Rf and 277Hs (an SF branch for 271Sg with a probability of approximately 40% cannot 
be excluded).

Complex spectra composed of several α lines are clearly observed for 283Cn, 289Fl, and 291Lv. 
In addition to the main transition with Eα = 9.53 MeV, two lines with energies of 9.33 and 
8.94 MeV were registered for 283Cn [56,57]. Two energies were measured for its precursor 291Lv 
(Eα = 10.74 and 10.50 MeV) [49,71,72], whereas the spectrum of 287Fl is consistent with a 
single α transition. Predominantly, a single α line is observed for 293Lv, but two different energies 
were observed for 289Fl, with Eα = 9.48 and 9.84 MeV [45,48,49,56,65,68–70].

The energy spectra of α particles for odd-Z parent nuclei 282113, 287,288115, 293,294117 and 
their descendants registered at DGFRS and TASCA are shown in Fig. 8. Even in cases with 
relatively low statistics, one can observe wider energy distributions for these nuclei than those 
shown in Fig. 7 for even-Z nuclides. Despite the complex spectra of α particles, the decays are 
characterized in almost all cases by a single half-life. The only exception was the decay of 276Mt, 
which exhibited one of the most complex α-particle spectra; here, one could not exclude that two 
states with different lifetimes were observed [75,76,80,81]. In [83], a single half-life for 276Mt 
was proposed, whereas the decay time in one chain was 8.95 s. This long lifetime could confirm 
the assumption given in [81]. In Fig. 5 and Table 1, we present the results of a two-exponential 
fit [112] of all of the available data for 276Mt, which suggests two half-lives; however, more 
statistics are required for a definite conclusion.
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Fig. 3. Summary decay properties of the isotopes of even-Z elements synthesized in the reactions of 48Ca with 238U, 
242,244Pu, 245,248Cm, and 249Cf target nuclei. The average energies of α particles and half-lives are given for α emitters 
(open squares). The energies of rare α lines are given by smaller font. The energy uncertainties given in parenthesis 
correspond to the data with the best energy resolution. For spontaneously fissioning nuclei marked by grey squares the 
half-lives are listed.

detectors in the focal plane, each having 16 strips with position sensitivity and six similar side 
detectors without position sensitivity. The focal-plane detector of BGS consists of 48 Si strips 
(three 6 × 6 cm2 cards, sixteen strips each), which are surrounded by eight side detectors. The 
focal-plane detector of TASCA was composed of an implantation detector (two 72 × 48-mm2

double-sided silicon strip detectors with a 1-mm pitch from both sides) and an upstream detector 
(eight 72 × 48-mm2 single-sided silicon strip detectors with eight 6-mm pitch). In recent exper-
iments at TASCA and BGS, composite germanium detectors were placed closely behind each of 
the focal-plane and side detectors.

3. Results

3.1. Even-Z nuclei

3.1.1. Element 114 flerovium
According to the macroscopic–microscopic models, the proton magic number for SHNs is 

predicted to be 114. Thus, isotopes of this element with the largest possible number of neu-
trons should have higher fission barriers in comparison with their lighter and heavier neighbors. 
Barriers govern the survival probability of excited nuclei and resulting cross sections of their 
production. For these reasons, the investigation of SHNs was started at DGFRS with the 244Pu +
48Ca reaction. The experiments were performed in collaboration with LLNL (Livermore, USA).

The first superheavy nucleus 289Fl was discovered in 1999 [48]. Two identical decay chains 
were observed; each consisted of two consecutive α decays terminated by SF of the third nucleus 
(see Fig. 3 and Table 1). In this experiment, carried out at the lowest projectile energy, the parent 
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Fig. 2. Schematic of DGFRS (dipole magnet D followed by the quadrupole doublet Q). Also shown is a schematic of 
the detector station at the separator focal plane.

later, in 2009–2010, the element 117 was synthesized in the reaction with 249Bk in 2009–2012. 
The results of these experiments were confirmed at TASCA in 2012.

Here, we will consider the construction and operation of gas-filled magnetic separators.
The Dubna gas-filled recoil separator is shown schematically in Fig. 2. DGFRS has a DQhQv

magnetic configuration: a flat-field dipole magnet with inclined poles for horizontal focusing (D) 
followed by two horizontally (Qh) and vertically (Qv) focusing quadrupole magnets. HECK and 
TASCA have similar configurations, while RITU and GARIS have additional Qv in the beginning 
and D at the end of the separators, respectively. BGS consists of a vertically focusing quadrupole 
magnet, a horizontally focusing gradient dipole magnet and a flat-field dipole magnet (QvDhD).

The ERs recoil out of a thin target (∼0.4 mg/cm2) and enter the dipole magnet with the 
momentum of the beam particle. After emerging from the target layer, the heavy atoms retain 
a relatively low number of electrons and thus have a correspondingly large electronic charge 
(q ≈ 20 for 48Ca-induced reactions with actinide nuclei [40–42], similar to that for 48Ca ions). 
Furthermore, the distribution of the ionic charge states is quite broad. Due to charge exchange 
in consecutive collisions with the gas atoms, the distribution of the ER charges rapidly becomes 
narrower and the mean charge decreases to the equilibrium value (q ≈ 6 [43]), whereas the aver-
age charge of the projectiles remains the same due to their high velocity. In sequential collisions 
with the atoms of the medium, the heavy atoms slow down and deviate from their primary direc-
tion. They move in dilute gas between the poles of the dipole magnet with gradually decreasing 
velocity along some average trajectory characterized by the mean curvature radius of the sepa-
rator. Ions with mass (m), average charge (q), and velocity (v), will be deflected in a magnetic 
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Table 1
Decay properties of nuclei.

Z N A No. 
observeda

Decay mode,
branch (%)b,c

Half-lifec Eα (MeV) Q
exp
α (MeV) Refs.

118 176 294 d:4 α 0.69+0.64
−0.22 ms 11.66 ± 0.06 11.82 ± 0.06 [71,73,74]

117 177 294 d:3, t:2 α 51+38
−16 ms 10.81–11.07 11.18 ± 0.04 [74,86–89]

176 293 d:15 α 22+8
−4 ms 10.60–11.20 11.32 ± 0.05 [74,86–88]

116 177 293 d:4, s:1 α 57+43
−17 ms 10.56 ± 0.02 10.71 ± 0.02 [68–70,72]

176 292 d:5, s:4 α 13+7
−4 ms 10.63 ± 0.02 10.78 ± 0.02 [70,72]

175 291 d:3, s:1 α 19+17
−6 ms 10.74 ± 0.07

10.50 ± 0.02
10.89 ± 0.07 [49,71,72]

174 290 d:11 α 8.3+3.5
−1.9 ms 10.85 ± 0.07 11.00 ± 0.07 [49,71,73,

74]

115 175 290 d:4, t:2 α 650+490
−200 ms 9.78–10.31 10.41 ± 0.04 [74,86–89]

174 289 d:16 α 330+120
−80 ms 10.15–10.54 10.49 ± 0.05 [74,80,81,

86–88]
173 288 d:27, t:19 α 164+30

−21 ms 10.29–10.58 10.63 ± 0.01
≈ 10.7 [83]

[75,76,80,81,
83,84]

172 287 d:2, t1 α 37+44
−13 ms 10.61 ± 0.05 10.76 ± 0.05 [75,76,81,83,

84]

114 175 289 d:10, s:1, t:4, 
tc:1

α 1.9+0.7
−0.4 s 9.84 ± 0.02

9.48 ± 0.08
9.98 ± 0.02 [45,48,49,62,

65,68–70,72]
174 288 d:17, s:4, 

t:11, ic:2, 
tc:1

α 0.66+0.14
−0.10 s 9.93 ± 0.03 10.07 ± 0.03 [45,49,56,61,

62,65,70,72]

173 287 d:16, s:1, 
b:1, ic:1

α 0.48+0.14
−0.09 s 10.03 ± 0.02 10.17 ± 0.02 [46,49,56,61,

70–72]
172 286 d:25, b:2 α: 60+10

−11 0.12+0.04
−0.02 s 10.21 ± 0.04 10.35 ± 0.04 [46,47,49,56,

70,71,73,74]
171 285 b:1 α 0.13+0.60

−0.06 s [47]

113 173 286 d:4, t:2 α 9.5+6.3
−2.7 s 9.61–9.75 9.79 ± 0.05 [74,86–89]

172 285 d:17 α 4.2+1.4
−0.8 s 9.47–10.18 10.01 ± 0.04 [74,80,81,

86–88]
171 284 d:27, t:20 α 0.91+0.17

−0.13 s 9.10–10.11 10.12 ± 0.01
≈10.3 [83]

[75,76,80,81,
83,88,84]

170 283 d:1, t1 α 75+136
−30 ms 10.23 ± 0.01 10.38 ± 0.01 [75,76,81,83,

84]
169 282 d:2 α 73+134

−29 ms 10.63 ± 0.08 10.78 ± 0.08 [82]

112 173 285 d:10, s:1, t:4, 
ic:1, tc:1

α 28+9
−6 s 9.19 ± 0.02 9.32 ± 0.02 [45,48,49,60,

62,65,68–70,
72]

172 284 d:19, s:4, 
t:11, ic:2, 
tc:1

SF 98+20
−14 ms [45,49,56,61,

62,65,70,72]

171 283 d:22, s:4, 
b:1, ic:6

α: ≥ 93 4.2+1.1
−0.7 s 9.53 ± 0.02

9.33 ± 0.06
8.94 ± 0.07

9.66 ± 0.02 [46,49,
56–59,61,63,
70,71]  Y
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Table 1 (continued)

Z N A No. 
observeda

Decay mode,
branch (%)b,c

Half-lifec Eα (MeV) Q
exp
α (MeV) Refs.

170 282 d:12, b:2 SF 0.91+0.33
−0.19 ms [46,47,49,56,

70,71]
169 281 b:1 α 0.10+0.46

−0.05 s 10.31 ± 0.04 10.46 ± 0.04 [47]

111 171 282 d:4, t:2 α 100+70
−30 s 8.86–9.05 9.16 ± 0.03 [74,86–89]

170 281 d:20 SF: 88+7
−9 17+6

−3 s 9.28 ± 0.05 9.41 ± 0.05 [74,80,81,
86–88]

169 280 d:27, t:18 α 4.6+0.8
−0.7 s 9.09–9.92 9.91 ± 0.01

10.15 ± 0.01
[83]

[75,76,80,81,
83,84]

168 279 d:2, t1 α 90+170
−40 ms 10.38 ± 0.16 10.53 ± 0.16 [75,76,81,83,

84]
167 278 d:2 α 4.2+7.5

−1.7 ms 10.69 ± 0.08 10.85 ± 0.08 [82]

110 171 281 d:10, s:1, t:4, 
ic:1, tc:1

SF: 93+5
−9 12.7+4.0

−2.5 s 8.73 ± 0.03 8.85 ± 0.03 [45,48,49,60,
62,65,68–70,
72]

169 279 d:26, s:3, 
b:1, ic:6

SF: 89+4
−6 0.21+0.04

−0.04 s 9.71 ± 0.02 9.85 ± 0.02 [46,49,
56–59,61,63,
70–72]

167 277 b:1 α 0.006+0.027
−0.003 s 10.57 ± 0.04 10.72 ± 0.04 [47]

109 169 278 d:3, t:2 α 4.5+3.5
−1.3 s 9.38–9.55 9.58 ± 0.03 [74,86–89]

168 277 d:2 SF 5+9
−2 ms [88]

167 276 d:27, t:16 α 0.45+0.12
−0.09 s

6+5
−3 s

9.17–10.01 10.03 ± 0.01
10.10 ± 0.01
[83]

[75,76,80,81,
83,84]

166 275 d:2, t1 α 20+24
−7 ms 10.33 ± 0.01 10.48 ± 0.01 [75,76,81,83,

84]
165 274 d:2 α 440+810

−170 ms 10.0 ± 1.1
9.76 ± 0.10

10.2 ± 1.1 [82]

108 169 277 t:1 SF 3+15
−1 ms [45,65]

167 275 d:3, s:1 α 0.20+0.18
−0.06 s 9.31 ± 0.02 9.45 ± 0.02 [56,70–72]

165 273 b:1 α 0.2+1.2
−0.1 s 9.59 ± 0.04 9.73 ± 0.04 [47]

107 167 274 d:4, t:2 α 44+34
−13 s 8.73–8.84 8.94 ± 0.03 [74,86–89]

165 272 d:27, t:17 α 10.9+2.0
−1.5 s 8.55–9.15 9.18 ± 0.01

9.21 ± 0.01
[83]

[75,76,80,81,
83,84]

164 271 d:1, t1 α 1.5+2.8
−0.6 s 9.28 ± 0.07 9.42 ± 0.07 [81,83,84]

163 270 d:1 α 61+292
−28 s 8.93 ± 0.08 9.06 ± 0.08 [82]

106 165 271 d:3, s:1 α: 58 ± 23 1.6+1.5
−0.5 min 8.54 ± 0.08 8.67 ± 0.08 [56,70–72]

163 269 b:1 α 2+10
−1 min 8.57 ± 0.10 8.70 ± 0.10 [47]

105 165 270 d:4, t:2 SFe 15+10
−4 h [74,86–89]

163 268 d:27, t:19, 
lc:20

SFe 26+4
−3 hd [75–78,80,

81,83,84]
162 267 d:2, t1 SFe 1.3+1.6

−0.5 h [75,76,81,83,
84]

(continued on next page)

SHE properties 
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Table 1 (continued)

Z N A No. 
observeda

Decay mode,
branch (%)b,c

Half-lifec Eα (MeV) Q
exp
α (MeV) Refs.

161 266 d:1 SFe 22+105
−10 min [82]

104 163 267 d:2 SF 1.3+2.3
−0.5 h [56,70,71]

161 265 b:1 SF 2+8
−1 min [47]

a Number of observed decays at the separators DGFRS (d), SHIP (s), BGS (b), and TASCA (t) as well as in liquid-
chemistry (lc) and gas-chemistry experiments at IVO + COLD (ic) and TASCA + COMPACT (tc) setups.

b Branch is given for the most probable decay mode (α or SF). It is not shown if only one decay mode was observed.
c Error bars correspond to 68%-confidence level.
d The value obtained combining the results of physical and chemical experiments.
e The SF mode was observed but EC/β+ or α decay is not excluded.

Fig. 4. Excitation functions for the 2n (green triangle up), 3n (red square), 4n (blue circle), and 5n (cyan triangle down) 
evaporation channels from the complete-fusion reactions 238U–249Cf + 48Ca measured at DGFRS (solid symbols) 
and SHIP, BGS, and TASCA (open symbols) (see references in the text). Dotted (left and middle panels) and solid 
lines (right panel) show results of calculations [50–53]; dashed lines on the right panel – results of calculation [54]. 
Vertical error bars correspond to statistical uncertainties of the DGFRS experiments and available data from other setups. 
Upper cross-section values are shown by colored arrows. Horizontal error bars represent the range of excitation energies 
corresponding to given beam energy. For reference purposes we show the energy at the Bass barrier [55] (black arrow).

nucleus was assigned to 288Fl in [48]. In 2003, the study of this reaction was continued at three 
higher 48Ca energies (see Fig. 4). The excitation function of the 244Pu + 48Ca reaction leading 
to the compound nucleus 292Fl was measured within the energy interval of 30–53 MeV [49]. In 
total, three isotopes of Fl with mass numbers A = 287–289 were observed in these experiments. 
Previously observed α–α-SF decay chains [48] were attributed to 289Fl, and three more decay 
chains of this isotope as well as 12 chains of 288Fl and one chain of 287Fl were produced. For 
even–even 288Fl, α decay of the parent nucleus was followed by SF of 284Cn. Decay chains of 
the odd–even neighbors, 287Fl and 289Fl produced in the 3n- and 5n-evaporation channels, were 
longer and consisted of two consecutive α decays terminated by SF of 279Ds and 281Ds. The 
methods of identification of SHN are discussed in Appendix A.

SHE properties 
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Fig. 6. (a) Maximum cross sections of the production of the isotopes of the heavy elements in hot fusion reactions: 
208Pb, 226Ra, 233,238U, 242,244Pu, 243Am, 245,248Cm, 249Bk, and 249Cf + 48Ca (E∗ = 35–40 MeV). Data measured at 
DGFRS are shown by blue squares, results obtained at SHIP, BGS, and TASCA are shown by red circles. (b) Difference of 
fission barrier heights (involving nonaxial shapes) and neutron binding energies of the compound nuclei in 48Ca-induced 
reactions calculated in the macroscopic–microscopic nuclear model [7,8,103,107,108] and corrected for the odd–even 
effect are shown. Arrows show number of neutrons in the compound nucleus with the given atomic number. Lines are 
drawn to guide the eye.

protons [109]. In agreement with this, the short α decay chains of the even–even nuclei 294118, 
290,292Lv, and 286,288Fl are terminated by the SF of isotopes 282,284Cn. The isotope 286Fl also 
has a SF branch of 40%. The α-particle energy spectra of these nuclei are characterized mainly 
by a single α line, which may correspond to ground-state to ground-state transitions. In Fig. 7
the spectra of events registered solely by focal-plane detectors with an energy resolution better 
than 0.1 MeV are shown by the red histograms. Nevertheless, the spectrum of 288Fl is somewhat 
wider and formally could not exclude the existence of two lines differing by approximately 0.1 
MeV (Eα ≈ 9.85 and 9.95 MeV). These energies were observed in experiments performed at 
DGFRS [49,56,70], TASCA [45,65], and SHIP [72]. However, the existence of two lines in the 
decay of 288Fl has not yet been statistically validated, and the assignment of a possible lower-
energy line to the population of a 2+ rotational level seems to be improbable [72]. In Fig. 3 and 
Table 1, we present the average α-particle energy for 288Fl determined from all of the observed 
events.

The decay chains of the even–odd nuclei 291,293Lv are terminated at a later stage by the SF 
of 279Ds and 281Ds, which have small α-decay branches of 11% and 7%, respectively. Two 
SF events of the four observed in the 238U + 48Ca reaction at the SHIP [63] were assigned 
to the 50% spontaneous fission branch of 283Cn, which does not appear to contradict the re-
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Fig. 10. Measured α-decay energy vs. neutron number for the isotopes of elements 106–118 (filled and open symbols 
refer to even-Z and odd-Z nuclei, respectively; Qα values for nuclei produced in the Ra–Cf + 48Ca reactions are shown 
in red; other data (blue symbols) are taken from [114,115]. The lines are drawn to guide the eye (left panel). The Qα

values for isotopes of even-Z elements Pt–Rn [114,115] are shown for comparison (right panel).

predicted EC/β+-decay energies for 266,268,270Db are in agreement with the Tβ(Qβ) systemat-
ics for Np–Db isotopes. This result indicates that the odd–odd isotopes of 266,268,270Db have a 
significant probability of EC/β+ decay, leading to the SF of even–even Rf isotopes, for which 
TSF = 23 s, 1.4 s, and 20 ms are predicted [8]. Another possible indication of the observation 
of EC/β+ decay instead of the direct fission of Db isotopes follows from the pattern of their 
observed half-lives with increasing neutron number. The measured half-lives of Db isotopes 
gradually become larger with an increase in neutron number approaching the number of the 
neutron shell N = 162 (267Db) and continue to increase beyond this point. However, crossing 
the neutron magic number is expected to result in a considerable decrease of TSF for nuclei with 
N > 162, for example, for 270Db in comparison with 268Db. The values of the observed fission 
half-lives in the decay of 267Db as well as 281Rg are somewhat lower than the bulk of EC/β+

data for lighter isotopes. This difference could indicate a larger probability of decay by SF in 
preference to EC/β+ decay, leading to half-lives of 1 h for 267Rf and 13 s for 281Ds. The low 
probability of the EC/β+ decay of 281Rg is also supported by the lack of observation of its po-
tential EC/β+-decay product, 281Ds, which has different α-particle energies (Figs. 3 and 5 and 
Table 1).

In several decay chains of 288115 and 294117, which registered mainly during beam-off pe-
riods, a search for the α decay of 268Db and 270Db did not reveal any relevant events [88]. The 
lack of α decays of 268Db is in agreement with the results of chemical experiments, where SF 
activity, with the same production cross section and decay properties that were measured in the 
DGFRS experiments, was observed in a fraction of the transactinide elements and was attributed 
to the SF of 268Db [77,78].

The systematics of the α-decay energy (Qα) vs. the neutron number for the isotopes of ele-
ments 106–118 are shown in Fig. 10. The α-decay energy for each isotope was determined from 
the largest measured α-particle energies. Only the two highest energies of 10.54 and 10.18 MeV, 
observed for isotopes 289115 and 285113 (see discussion in [88]), respectively, were excluded 
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Fig. 11. Half-lives vs. neutron number for the isotopes of even-Z (left panel) and odd-Z (right panel) elements with 
Z = 106–118 (results from Ra–Cf + 48Ca reaction are shown by full blue symbols (see Figs. 3, 5 and Table 1); other 
data are taken from [116]. Lines are drawn to guide the eye.

from the calculations because of their deviation by more than 0.15 MeV from the bulk of other 
α-particle energies.

First, one can see that the pattern of the α-decay energies of the isotopes of Sg, Bh, and 
Hs matches the trend following from the Qα values of the known lighter isotopes of the same 
elements near the magic number N = 162. Along with the isotopes of Ds and Rg observed in the 
cold-fusion reactions (see, e.g., [16,30,31]), the variations of the α-decay energies of the isotopes 
Sg–Mt produced in the U–Cf + 48Ca reactions compared with their lighter isotopes verify the 
influence of the shell at N = 162 on the stability of the nuclei.

Moving from the magic number N = 162 and approaching the next magic neutron number 
N = 184, the isotopes of the elements produced in the U–Cf + 48Ca reactions exhibit a decrease 
of α-decay energy. Variations of the stability against α-decay vs. the neutron number are shown 
in Fig. 11 for even-Z and odd-Z nuclei. The increase of the neutron number in nuclei with 
N ≥ 165 results in a decrease of the Qα energy (Fig. 10) and a considerable increase of their 
half-lives (Fig. 11). An especially strong growth of Tα(N) with increasing N is observed for the 
isotopes of elements 109–113.

In comparison with the isotopes of elements Fl-117, the rate of reduction of α-decay energies 
with the growing neutron number of the isotopes of Ds–Cn is evidently larger (Fig. 10); a further 
increase of their neutron number could result in even larger differences between the Qα values 
of the isotopes of Ds–Cn and Fl than the Qα gap between, e.g., Fl and Lv. Such a progressive 
decrease of the Qα value for Ds–Cn is reminiscent of the behavior of the α-decay energies of the 
isotopes of elements with magic proton numbers upon approaching the neutron magic number 
(compare with the data for the isotopes of Hs (Z = 108) and Pb (Z = 82) given in Fig. 10 and 
Figs. 20–26 in [114]). This observation implies the influence of the magic/sub-magic proton 
number of Z = 110/112 on the decay properties of the nuclei produced in the 48Ca-induced 
reactions. However, these observations call for the production of even heavier isotopes of the 
considered elements and careful theoretical analysis.

As stated above, since the mid-1960s, different versions of the macroscopic–microscopic 
theory predict magic numbers of 114 for protons and 184 for neutrons [7,9–13]. Subsequent 
self-consistent microscopic calculations suggest that the magic proton shell should appear at 
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Fig. 12. Deviation between experimental and calculated α-decay energies for even–even, even-Z and odd-N , and odd-Z
nuclei. Theoretical Qα values were taken from [107,108] for macroscopic–microscopic model (HN, middle panel) and 
mass tables [117] (WS4RBF, macroscopic–microscopic model, top panel) and [119] (HFB-27, Skyrme–Hartree–Fock–
Bogoliubov model, bottom panel).

higher proton numbers of 120–126, and these calculations predict a magic number of neutrons at 
N = 184 or N = 172 (see, e.g., [7]). However, the influence of a hypothetical shell at N = 172
is not observed for the nuclei with Z = 112–115 (see Fig. 10), for which a gradual decrease 
of α-decay energy is observed when crossing N = 172, which is in contrast to the variation of 
the Qα values at N = 152 and N = 162. In spite of the disagreement between different models 
in predicting the proton magic number, the resulting calculated nuclear masses, which repre-
sent one of the basic properties of nuclear matter, do not strongly deviate from experimental 
masses, although the quality of the description depends on the particular region of nuclei. The 
deviations of the relative value Qα , which is determined by the difference between the masses 
of the parent and daughter nuclei (Qα = Mp − Md − mα), could be even lower. In Fig. 12, the 
experimental Qα data are compared with the results of calculations within two macroscopic–
microscopic models [107,108] and [117], which show minimum root mean square discrepancies 
with the measured mass values [118] and with the purely microscopic Hartree–Fock–Bogoliubov 
approach [119]. The deviation between theory and experiment is given as the difference in de-
cay energies "Qα = Q

exp
α –Qth

α for all of the nuclei produced as evaporation residues in the 
48Ca-induced reactions and their daughter products. As is observed in Fig. 12, "Qα values for 
even–even nuclei in all of the three cases are within approximately ±0.5 MeV; however, the 
HFB-27 data systematically exceed the experimental Qα values by approximately 0.5 MeV. For 
all of the nuclei, including odd-N and/or odd-Z ones, the discrepancies "Qα are within +0.5 to 
−0.4 MeV (WS4RBF), +0.5 to −1.4 MeV (HN), and +0.8 to −2.3 MeV (HFB-27). For some 
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Super Heavy Elements (SHE) 
outline

Nuclear stability and limits of existence 

Manifestation of quantum world 

Production probability 

How to produce SHE 

How to identify SHE 

What physical properties can we measure ? 

What chemical properties can we measure ?



SHE chemical properties 
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➢ Chemistry experiments with single atoms at a time ( ! )
➢ Fast and efficient approach is needed
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Figure 1.20: A single out of four main boards of the COLD array with 1 the opening
to the narrow chromatography channel (1.6 mm elevation) formed by a total of 32
detector pairs 2 in a sandwich geometry (i.e., a face-to-face orientation of the active
areas).

[110, 211]. With the help of an aerosol gas jet system, the reaction products were

rapidly transported within less than 10 s to the isothermal chromatography setup.

This system and its further developments OLGA-II [212], HEVI [213] and OLGA-

III [214, 215], used in combination with the ROMA detection setup [216, 217] and

the PSI tape system [212, 218], enabled measurements of volatile halides of ruther-

fordium [45, 192], dubnium [192, 219, 220], their lighter homologs [221] as well as

oxyhalides of seaborgium [222–224] and bohrium [225]. Simultaneously further stud-

ies concerning volatile oxychlorides of seaborgium [226–228] applied again a directly

combined thermochromatography and detection device adjacent to the production

site.

U. W. Kirbach and co-workers finally introduced a novel approach in the form of the

Cryo-Thermochromatographic Separator, CTS [229]. Therein, compared to earlier

experiments, the used chromatographic stationary surface quartz had been replaced

by active detector surfaces with a SiO2 coverage. The narrow rectangular channel

(2 mm elevation with a width of 8.5 mm) consisted of a sequence of 32 silicon

solid state detectors pairs (i.e., PIN-diodes) in a sandwich geometry. Advancements

of this technique for on-line gas phase investigations of short-lived SHEs appeared

shortly afterward in the form of state-of-the-art detection systems, such as the Cryo
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32

Monte Carlo 
simulation

Going from a single atom property (adsorption enthalpy, ordinate) to a macroscopic property (sublimation enthalpy, abscissa)  —> semi-empirical correlations 
between the adsorption enthalpy for x elements in a certain chemical state (e.g., elemental form as shown here) on a certain surface (e.g., quartz as shown here 
—> SiO2) and the corresponding sublimation enthalpy. 
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Figure 1.20: A single out of four main boards of the COLD array with 1 the opening
to the narrow chromatography channel (1.6 mm elevation) formed by a total of 32
detector pairs 2 in a sandwich geometry (i.e., a face-to-face orientation of the active
areas).

[110, 211]. With the help of an aerosol gas jet system, the reaction products were

rapidly transported within less than 10 s to the isothermal chromatography setup.

This system and its further developments OLGA-II [212], HEVI [213] and OLGA-

III [214, 215], used in combination with the ROMA detection setup [216, 217] and

the PSI tape system [212, 218], enabled measurements of volatile halides of ruther-

fordium [45, 192], dubnium [192, 219, 220], their lighter homologs [221] as well as

oxyhalides of seaborgium [222–224] and bohrium [225]. Simultaneously further stud-

ies concerning volatile oxychlorides of seaborgium [226–228] applied again a directly

combined thermochromatography and detection device adjacent to the production

site.

U. W. Kirbach and co-workers finally introduced a novel approach in the form of the

Cryo-Thermochromatographic Separator, CTS [229]. Therein, compared to earlier

experiments, the used chromatographic stationary surface quartz had been replaced

by active detector surfaces with a SiO2 coverage. The narrow rectangular channel

(2 mm elevation with a width of 8.5 mm) consisted of a sequence of 32 silicon

solid state detectors pairs (i.e., PIN-diodes) in a sandwich geometry. Advancements

of this technique for on-line gas phase investigations of short-lived SHEs appeared

shortly afterward in the form of state-of-the-art detection systems, such as the Cryo
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69

4-fold diamond 
detector

Quartz chromatography 
column

Quartz insert

Hf hot catcher

Heat shields

Isothermal
oven

Start- / End-oven Read-out

184Tl+ beam

JAEA-ISOL system

PRODUCTION TRANSFER CHROMA-
TOGRAPHY DETECTION
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Development of a faster “gas-phase” technique 
(actually vacuum) to go to half-lives below 1 s 
(this is more of less the limit of current state-of-
the-art gas phase experiments).



Super Heavy Elements (SHE) 

Perspectives …



Chinese separator for VHE : SHANS ?

A new gas-filled recoil separator was installed in the HIRFL (Heavy Ion Research Facility, Lanzhou) to separate the evaporation 
residues (EVRs) from other beam ions and unwanted reaction products. It is filled with helium gas at the pressure of about 0.8mbar. 
The focal plane detector system consisting a silicon box and a time-of-flight detector was improved.

Chinese 
separator 
for Heavy  
elements 
@ Lanzhou



S3 in GANIL S3 Physics case  (15 LoIs) 
    - VHE – SHE elements 
    - Proton drip-line and N=Z 
    - Nuclear astrophysics 
    - Atomic physics

Ground state properties
(mass, size, moments, spins)

REGLIS3 setup
Low  Energy
Branch

DESIR

Atomic physics 

FISIC setup 
Fast Ion Slow 
Ion Collisions 
Electron exchange 

Delayed spectroscopy

SIRIUS setup
Implantation-decay 
station at the mass 
dispersive plan

In-beam spectroscopy 
Two step reactions
EXOGAM2/AGATA
PARIS
MUST2/GASPARD
Not in the scope of the project
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The SHE Factory ?

Main setups:  

 ◦ Gas-filled recoil separator (DGFRS-II); 
 ◦ Preseparator for chemical investigations; 
 ◦ Separator for Heavy Element Spectroscopy: velocity filter SHELS; 
 ◦ Mass Analyzer of SuperHeavy Atoms (MASHA) 
 ◦ Channels reserved for external users

http://flerovlab.jinr.ru/flnr/masha.html


The SHE Factory ?
Zagrebaev V.I. et al., Nucl. Phys. A 944 (2015) 257-307

238U + 248Cm 

Need of very 
intense beams !



Next SHE’s ?

50Ti + 248Cm →  295118 +3n 
50Ti + 249Cf   →  296120 +3n 

WITH INTENSE TITANIUM BEAM 

© Ackermann D.

119  Uue

120  Ubn

Faisceau 50Ti



20 CHAPTER 1. INTRODUCTION

Figure 1.10: Suggested periodic table up to Z ≤ 172, based on Dirac-Fock calcula-
tions on atoms and ions [130].

their electronic structure. When following the atomic numbers Z along the periodic

table of elements, an increasing nuclear charge forces some of the surrounding elec-

trons to move faster in order to withstand the Coulomb attraction of the central

atomic nucleus, i.e., the electrons gain kinetic energy, Ekin. An estimate of ve�c for
a certain element (Fig. 1.11) can roughly be derived by the relation ve,1s ≈ Z a.u.

for the electron velocity in the 1s-shell using c = 1�↵ = 137.035999139(31) a.u. (↵

is the Sommerfeld’s fine structure constant; value obtained from CODATA, 2014)

[41]. As readily comprehensible, the directly a↵ected electrons are those with a high

probability density distribution near the nucleus, such as s-orbitals and the p1�2 sub-
shells (see below). In accordance with the mass-energy equivalence E = mc2, these

electrons with higher Ekin become heavier:

me = m0�
1 − (ve�c)2 (1.8)

where me is the electron’s relativistic mass, m0 the corresponding rest mass of the

electron (CODATA, 2014: me = 9.10938356(11) ⋅10−31 kg = 0.5109989461(31) MeV),

ve its velocity and c is the speed of light. An increasing relativistic electron mass me
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Mendeleev table ?



Model Protons Neutrons

Wood Saxon 114 184

HFB 126 184

RMF 120 172

Getting to the ultimate Island of stability
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À NOS LECTEURS
Dès la semaine prochaine 
et jusqu’au numéro du 22 août 
daté 23 août, retrouvez les deux 
pages de la formule estivale 
du cahier « Science & médecine » 
dans le quotidien du mardi 
daté mercredi.

Quatre nouveaux éléments, les plus 
lourds jamais produits, viennent d’être 
officiellement baptisés. Le plus massif, 
l’oganesson, qui compte 118 protons, 
a été obtenu à Dubna. Ce temple 
soviétique de la science explore depuis 
soixante ans les confins de la matière. 
Reportage

L’installation U-400, à Dubna, en Russie. JINR/FLEROV

vahé ter minassian

dubna (russie) - envoyé spécial

A
u Centre international des conféren-
ces de Dubna, petite cité de
70 000 habitants aux allures de ville
de vacances sur les rives du canal de
la Volga, à 120 kilomètres de Moscou,

les festivités du « banquet-anniversaire » des 
soixante ans du Laboratoire Flerov des réactions
nucléaires (FLNR) battent leur plein. La vodka 

aidant, le brouhaha des conversations a rapide-
ment augmenté. Et bientôt, en suivre une devient
excessivement difficile. Sans regrets inutiles : il est
déjà évident qu’on ne comprendra pas grand-
chose. « Darmstadtium », « roentgenium », « coper-
nicium », « dubnium »… les mots utilisés par ces
physiciens et ces chimistes sont dénués de sens 
pour le commun des mortels. Et pour cause : ils
font référence à des entités atomiques absentes, en
principe, de notre planète ! Plus précisément à des 
éléments chimiques, créés artificiellement dans 
de grands accélérateurs, de même nature que
l’hydrogène, l’hélium, le chrome, le plomb, l’or ou
l’uranium détectables en quantités appréciables 
sur Terre, mais plus lourds, beaucoup plus lourds…
« Superlourds », dit-on même ici.

Heureusement, ce que le vocabulaire peine à faire
saisir, le langage du corps l’exprime, aisément. Et il 
devient bientôt évident que la bonne humeur de
l’assemblée ne s’explique ni par le large choix de 
zakouski mis à la disposition des convives, ni par la
joie des retrouvailles entre spécialistes de toutes 
nationalités. Elle traduit un sentiment général de 
satisfaction qui, avec l’intensification des libations,
prend des allures de revanche après des décennies 
de déboires et de désillusions…

C’est que l’année 2017 est celle d’une éclatante vic-
toire pour cette discipline, si restreinte, mais ô com-
bien prestigieuse et compétitive, qu’est la physique 
des éléments superlourds. En effet, le 2 mars, au 
cours d’une émouvante cérémonie organisée à Mos-
cou, l’International Union of Pure and Applied Che-
mistry (Iupac), la seule instance habilitée pour une 
telle procédure, a solennellement achevé l’« inaugu-
ration » de quatre nouveaux éléments chimiques, 
officialisant ainsi leur existence dans le monde ma-
tériel. Et pas n’importe lesquels ! Mais précisément
ceux qui, ajoutés à deux autres adoubés en 2012, per-
mettront peut-être aux physiciens d’avoir enfin les 
moyens de résoudre un vieux problème relatif aux 
caractéristiques générales des corps simples.

L’exploit est de taille. Par convention, les élé-
ments chimiques sont classés selon un ordre 
croissant en fonction du nombre de protons que 
contient le noyau de leurs atomes autour duquel
tournent les électrons. Ainsi, l’atome d’hydrogène
dont le noyau possède un seul proton est l’élé-
ment numéro un. L’hélium, qui a deux protons,
l’élément numéro deux. Le lithium, le trois… etc.
Les éléments dernièrement désignés correspon-
dent, eux, aux numéros 113, 115, 117 et 118 !

→ LIRE L A SUITE PAGES 4-5

Une sonde
vers Mercure

BepiColombo vise
l’orbite de la planète 
la plus proche du Soleil 
pour 2025. Un tour de 
force dont le compte 
à rebours a commencé.
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Chez les chasseurs russes
des nouveaux atomes



The ultimate Island of stability


