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We	  will	  discuss:	  

	  

•  How	  big	  a	  nucleus	  may	  be,	  

•  What	  is	  a	  maximum	  number	  of	  protons	  and	  

neutrons	  it	  may	  contain,	  

•  What	  is	  the	  limit	  of	  atomic	  nuclei	  mass	  
and	  how	  it	  is	  determined.	  



G.	  Gamow	  1928	  

	  

In	   the	   first	   attempts	   of	  
describing	   the	   properties	   of	  
nuclear	   matter	   (1928)	   a	   daring	  
supposition	  was	  made	  that	  atomic	  
nucleus	   is	   an	   object	   similar	   to	  
a	   drop	   of	   positively	   charged	  
liquid,	  the	  so	  called	  

Liquid-‐Drop	  Model	  of	  Nucleus	  



0

20

40

60

0

E	  
(M

eV
)

5 10 15 20 25 30 35r

?40

?20 VN

VC

VN+VC

a b

G.A.	  Gamov,	  1928	  
	  	  	  	  	  	  	  	  	  Theory	  of	  alpha	  decay	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  discovered	  by	  Henri	  Becquerel,	  1896	  

Liquid Drop Model 

H.	  Geiger	  and	  J.M.	  NuOall	  (1911) 
Qα 



E (A,Z) = a1A-a2A2/3-a3Z2/A1/3-a4(A/2-Z)2/A+a5A-3/4 

volume	  	  
term	  

surface	  	  
term	  

asymmetry	  
term	  

pairing	  	  
term	  

LDM 
 

Exp. 

Coulomb	  	  
Term	  
	  

Semi-‐empirical	  mass	  formula	  	  (C.F.	  von	  Weizsäcker,	  1932) 

Liquid Drop Model 
 

structure 



Spontaneous	  fission	  

Bf=6	  MeV	  

10-‐19	  s	  

Z≥100	  

Bf=0	  

1022	  y	  

N.	  Bohr	  	  
1939	  

1016	  years	  	  (exp.)	  

K.A.	  Petrzhak	  

G.N.	  Flerov	  

1940	  

Liquid Drop Model 

Nuclear	  fission	  
and	  

0

5

10

92U

Po
te

nt
ia

l e
ne

rg
y 

(M
eV

)

Nuclear deformation



0.70 0.75 0.80 0.85
Fissility parameter     x Fissility parameter     x

Fi
ss

io
n 

B
ar

rie
r H

ei
gh

t  
   

 B
 / 

M
eV

f

0.900.800.700.60
0

5

10

15

20

25

30

3035

LDM

neutron capture

20

10

0

-10

-20

Lo
gT

 / 
s

SF

0.90 0.95

Spontaneous Fission Spontaneous Fission Macroscopic theory  
                       (Liquid Drop Model) 

238U 255Fm

208Pb

6.0 MeV SF-isomers

 fusion with heavy ions

Exp. 



260A

4

40 100 200

M
eV

-‐4

-‐8

-12

0

(Strutinsky	  1967)

Shell 
correction 

Nuclear	  	  Shells	  

Liquid Drop Model 
(1966) 

Mass number 

M
as

s 
de

fe
ct

  (
M

eV
) 

ЭНЕРГИЯ
ФЕРМИ

эн
ер

ге
ти
че

ск
ие

	  у
ро

вн
и	  
	  я
др

а

Сильная
связь

Слабая
связь

More    
Bound   

       Less 
      bound 

More    
Bound   

Fermi 
energy 

Th
e 

en
er

gy
 o

f 
nu

cl
ea

r 
le

ve
ls

 



54	  	  known	  levels0.75	  MeV

2.61	  MeV

3.20	  
3.48	  
3.70	  
3.75	  

0

1.0

2.0

208
Pb

166
Ho

En
er
gy
	  o
f	  n

uc
le
ar
	  le
ve
ls	  
	  (M

eV
)

3.0

4.0

Ground	  states



Shells  
                 and  
                             magic numbers 

neutrons 

pr
ot

on
s 

? 

Shells  and  
                    magic numbers 

28	  
20	  

2	  
2	  

8	  
20	  

20	  

28	  

50	   50	  

50	  

82	  

Z=82	  
126	  

28	  

8	  

208Pb	  (doubly	  magic)	  

132Sn	  (doubly	  magic)	  
	  

48Ca	  (doubly	  magic)	  
	  16O(doubly	  magic)	  

	  

NEW	  SHELLS	  

sub-‐shells?	  
100	  

126	  



neutrons 

pr
ot

on
s 

? 

208Pb	  stable	  

238U	  α/4.5·∙109y	  

252No	  	  α/2.3	  s	  

SF 

SF/	  1016y	  

SF/	  7	  s	  

Chart of the Nuclides  



110

120

100

90

80

70
170

neutron number

pr
ot

on
 n

um
be

r

180 190110 120 130 140 150 160

Chart of nuclides Chart of nuclides 

184 

114 

spherical 
shells  

152 

100 

deformed 
shells 

162 

108 

deformed 
shells 

spherical 
shells 

126 

Pb 

X 

82 82 

Nuclear shells  
(macro-microscopic approach)  



Microscopic	  correcDons	  to	  the	  macroscopic	  nuclear	  deformaDon	  energy  
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Reactions of Synthesis 
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Synthesis of the SHE 
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Isotope	  

Target	  
thickness	  
mg/cm2	  

	  

Isotope	  
enrichment	  %	  

	  
Setup	  

233U	   0.44	   99.92	   DGFRS	  

237Np	   0.35	   99.3	   DGFRS	  

238U	   0.35	   99.3	   DGFRS	  

242Pu	   0.40	   99.98	   DGFRS	  

1.40	   99.98	   Chem.	  

243Am	   0.36	   99.9	   DGFRS	  

1.20	   99.9	   Chem.	  

244Pu	   0.38	   98.6	   DGFRS	  

245Cm	   0.35	   98.7	   DGFRS	  

248Cm	   0.35	   97.4	   DGFRS	  

249Bk	   0.35	   ≥90	   DGFRS	  

249Cf	   0.30	   98.3	   DGFRS	  

Energy:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  235-‐250	  MeV	  
	  
Intensity:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1.0-‐1.2	  pμA	  
	  
ConsumpDon:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.5	  mg/h	  
	  
Beam	  dose:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  up	  to	  4.5·∙1019	  

TARGETS 

48Ca - PROJECTILES 

REACTIONS OF SYNTHESIS 
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Z-even Nuclei 

Decay Properties 
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With Z >40% larger than that of Bi, the heaviest stable element,  
we see an impressive extension in nuclear survivability.  
 
Although SHN are at the limits of Coulomb stability,  

• shell stabilization lowers ground-state energy,  

• creates a fission barrier,  

• and thereby enables SHN to exist.  
.  

The  fundamentals of the modern theory  
  concerning the mass limits of nuclear matter  
           have obtained experimental verification  
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Super Heavy Atoms 

Chemistry of the SHE 



solid symbols – SF 
open  -  α-‐decays 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

available today  
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P.	  Pyykkö	  	  Phys.	  Chem.	  Chem.	  Phys.	  13,	  161-‐168	  (2011)	  

A C T I N I D E S 

What	  are	  chemical	  properDes	  	  
of	  superheavy	  elements?	  	  

	  
Are	  superheavy	  atoms	  and	  nuclei	  	  
different	  from	  lighter	  species?	  

	  

RelaDvisDc	  ContracDon	  

SHE	  

Are	  super-‐heavy	  atoms	  different	  from	  lighter	  
species?	  
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What	  are	  chemical	  properDes	  of	  super-‐heavy	  elements?	  



Reaction: 
                  242Pu(48Ca,3n)287114[0.5s]→ α →283112[3.6s] 

      
Compounds:  

Hg(Au)            
                  and 

112(Au) 

R. Eichler et al., Nature 447 (2007) 72 

Au 
SiO2 
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 Mobil 
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(on quartz): 

Tads     Hg and Element Z=112 on Quartz and Gold 

V. Pershina 2006 
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Element 112 is a noble metal – like Hg 

room temperature 



The Discovery of the SHE  
Raised a Questions 



Is	  the	  observed	  ISLAND	  last	  one? 
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SHE	  in	  Universe	  

Are	  super-‐heavy	  nuclei	  produced	  in	  stellar	  explosions?	  
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obviously...	  
	  	  
	  	  	  	  	  	  	  the	  	  field	  of	  the	  research	  is	  limited	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  by	  the	  producDon	  of	  super	  heavy	  nuclei	  	  



Everything	  we	  know	  about	  SH-‐nuclei	  produced	  	  
in	  48Ca-‐induced	  reaceons:	  

-   ReacDon	  of	  synthesis	  (CN	  and	  neutron	  evaporaDon)	  	  	  
-‐ 	  	  ProducDon	  cross	  secDons	  (excitaDon	  funcDons)	  
-‐ 	  	  CompeDng	  channels	  (background)	  
-‐ 	  	  Decay	  chains	  (principal	  decay	  modes)	  
-‐	  	  Half-‐lives	  of	  the	  SHN	  (and	  its	  α-‐decay	  products) 

 All	  achievements	  obtained	  in	  last	  decade:  
-‐	  in	  experimental	  technique,	  	  
-‐	  in	  accelerator	  and	  plasma	  physics,	  	  
-‐	  in	  detectors,	  	  
-‐	  in	  target	  technologies,	  etc.	  

and	  

 
 
 

 …allow	  us	  to	  think	  about	  a	  SHE-‐Factory	  	  
with	  producDon	  rate	  about	  100	  Dmes	  higher	  	  

than	  what	  we	  currently	  have	  
 
 
 
 



SHE-‐Factory	  

Isotope	  producDon:	  
Cm-‐248	  
Bk-‐249	  
Cf-‐251	   New	  accelerator	  

High	  beam	  	  
dose	  of	  :	  Ca-‐48	  	  

Ti-‐50	  	  
Ni-‐64	  

SC-‐	  separator	  	  
&	  sophisDcated	  

detectors	  

To be increased 
10 times 

Factor 10-20 
 

Depend of 
target durability 

Factor 3-5 
is closely linked 
to the intellect 
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30 kV 
ECR Source 

30 kV 
Ion Beam Separation 

100 kV 
Ion Beam Bending 
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Projecele	   Ion	  Charge	  
	  

Intensity	  
	  

20Ne	   3+	  -‐	  4+	   1·∙1014	  	  pps	  
48Ca	   7+	  -‐	  8+	   6·∙1013	  	  pps	  
50Ti	   7+	  -‐	  9+	   3·∙1013	  	  pps	  
70Zn	   3+	  -‐	  4+	   2·∙1013	  	  pps	  
86Kr	   12+	  -‐	  15+	   3·∙1013	  	  pps	  

100Mo	   13+	  -‐	  17+	   2·∙1012	  	  pps	  
124Sn	   17+	  -‐	  21+	   2·∙1012	  	  pps	  
136Xe	   18+	  -‐	  23+	   2·∙1013	  	  pps	  
208Pb	   28+	  -‐	  35+	   1·∙1012	  	  pps	  
238U	   32+	  -‐	  40+	   1·∙1011	  	  pps	  
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