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What's on the menu this week?

Lesson 1:
Discovery of the transuranium elements: Z=93 112-Discovery of the transuranium elements: Z=93 - 112

-Stability of superheavy elements I

Lesson 2:
-Discovery of the transuranium elements: Z=113- ...y
-Stability of superheavy elements II

Lesson 3:Lesson 3: 
-Reactions: synthesis of SHE
Search for new elements at GSI-Search for new elements at GSI

Ch.E. Düllmann   – Quest for Superheavy Elements    – Ecole Joliot Curie 12 – Fréjus, France   – September 30 – October 05, 2012



What is a superheavy element

Assumptions:

What is a superheavy element
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B.G. Harvey et al.  Science 193 (1976) 1271
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2 ) "Superheavy  Elements"  is 2.) "Superheavy  Elements"  is 
a  synonym  for   

  (microscopical)  

 
"elements  which  only  exixts 
because  of  their

Limit of lifetime: 10-14 s
( p )

shell  stability." Fissility parameter X ~ Z2/A

M. Schädel, 2007
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1E 6 P j til T t

Cross Sections in Hot / Cold / 48Ca Induced Fusion Reactions
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Map of the Nuclear LandscapeMap of the Nuclear Landscape
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Chart of nuclei  Chart of nuclei  
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Chart of nuclei, Sep. 2012
Conturs: calculated shell stabilization energies                   
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New Elements from Dubna (48Ca+An)
and news from RIKEN...and news from RIKEN

September 26 2012:
120

Z 


September 26, 2012:

Media release + publication 
from RIKEN:

114 








Z=113: 209Bi(70Zn,1n)278113

108 The Dubna elements:










184

Z=114: 242Pu(48Ca,3n)287Fl

Z=116: 245Cm(48Ca,2n)291Lv




100

N

Z=115: 243Am(48Ca,3n)288115

Z=113: -daughter of 288115
All decay chains end with SF of 
previously unknown nuclides! 
Di t f f Z till i i !162152

N
Z=118: 249Cf(48Ca,3n)294118

Z=117: 249Bk(48Ca,4n)293117

Direct proof of Z still missing!
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Cross Sections in Hot / Cold / 48Ca Induced Fusion Reactions
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Discovery of the transuranium elements
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Superheavy elements 2012: 15 out of 118 (13%!)
Z Name Symbol
104 Rutherfordium Rf
105 Dubnium Db
106 Seaborgium Sg
107 Bohrium Bh
108 Hassium Hs108 Hassium Hs
109 Meitnerium Mt
110 Darmstadtium Ds110 Darmstadtium Ds
111 Roentgenium Rg
112 Copernicium Cn
113 (yet unnamed) (uut) / E113
114 Flerovium Fl
115 (yet unnamed) (uup) / E115
116 Livermorium Lv
117 (yet unnamed) (uus) / E117117 (yet unnamed) (uus) / E117
118 (yet unnamed) (uuo) / E118
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The periodic table of the elements 2012

Radio elements:
10 natural radioelements 38 von 118 (>30%!)0
28 Synthetic elements
(thereof 26 transuranics)
(th f 15 t ti id 13%)

38 von 118 (>30%!)1 18
1 2
H 2 13 14 15 16 17 He
3 4 5 6 7 8 9 10

(thereof 15 transactinides = 13%)Li Be B C N O F Ne
11 12 13 14 15 16 17 18
Na Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
55 56 57+* 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
87 88 89+" 104 105 106 107 108 112 114
Fr Ra Ac Rf Db Sg Bh Hs 109 110 111 Cn 113 Fl 115 116 117 118

Mt Ds Rg --- --- Lv --- ---

* 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

" 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
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Lessons learned
• All heaviest chemical elements have been 

discovered in physics experiments with p y p
recoil separators
Reports on all elements up to Z=118• Reports on all elements up to Z=118 
published 

• Cross sections drop exponentially in "cold 
(1n)" and "hot (5n)" fusion experiments(1n)  and hot (5n)  fusion experiments, 
but are almost constant from Z=112-118 in 
48Ca induced reactions48Ca induced reactions
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IUPAC rules on how a new element gets named
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Claim from Dubna for element 113
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Claim from Dubna for element 113
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The element 113/115 decay chains from Dubna
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2011 lUPAC/IUPAP assessment of 
Dubna claim for element 113Dubna claim for element 113
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Claim from RIKEN for element 113
1st paper1st paper
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The element 113 decay chains from RIKEN
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2011 lUPAC/IUPAP assessment of 
RIKEN claim for element 113o
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The element 113/115 decay chains from Dubna

5 chances per decay chain to 
observe X-rays
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Alpha-particles / SF:
80% efficiency in Si Box

Gammas / X-rays:
23 Ge crystals
One 7 crystal ClusterOne 7-crystal Cluster
Four 4-crystal Clovers

L.-L. Andersson et al., Nucl. Instrum. Meth. A 622 (2010) 164



L.-L. Andersson et al., Nucl. Instrum. Meth. A 622 (2010) 164



108/ 162 (270 )

Running configuration

• Detailed spectroscopy towards Z=108/N=162 (270Hs)
 Input for SHE Island of Stability: 114 vs. 120 vs. 126

L.-L. Andersson et al., Nucl. Instrum. Meth. A 622 (2010) 164

g g
• Fingerprinting SHE: Z identification via characteristic X-rays



Lessons learned

• Elements up to 112 and 114/116 named• Elements up to 112, and 114/116 named.
• All elements up to 118 claimed. 

113/115/117/118 not approved

• No atomic number directly measured for any 
element beyond 112 (113...)

• New (last week) data on E113 from RIKENNew (last week) data on E113 from RIKEN
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Stability of SHEStability of SHEStability of SHEStability of SHEStability of SHEStability of SHEStability of SHEStability of SHE

The atomic mass / binding energy The atomic mass / binding energy 

Al h  dAl h  dAlpha decayAlpha decay
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Mass  Energy
A l ith Z t d N tA nucleus with Z protons and N neutrons
is lighter than Z protons + N neutrons

Mass is con erted to (binding) energ Mass is converted to (binding) energy

The mass of a nucleus (or, an atom) gives 
direct information on its stability!direct information on its stability!

Relation between mass and energy: 

E [J] = m [kg] · (c [m/s])2

Atomic masses are given in the unit "u" (unified atomic mass)g ( )

Definition: M(12C) ≡ 12 u

Using c=299'792'458 m/s gives:1 MeV/c2 = 1 073533 10-3 u^Using c=299'792'458 m/s gives:1 MeV/c2 = 1.073533·10-3 u
and 1 u = 931.494 MeV/c2.

(Calculations "in energy": [MeV] or [J]; Calculations "in mass": [MeV/c2] or [kg])

^

(Calculations in energy : [MeV] or [J]; Calculations in mass : [MeV/c ] or [kg])
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Atomic masses

M(Z,A) = Z·MH + (A-Z)·MN – BE/c2

M(Z,A): Mass of the atom (MeV/c2)

Z: Protonen number

A: Mass number

MH: Mass of neutral H atom (938.791 MeV/c2=1.007823 u)

MN: Masse of neutron (939.573 MeV/c2=1.008662 u)

BE: Binding energy (MeV)
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The semi-empirical mass formula (SEMF)
BE consists of five contributions:BE consists of five contributions: 

Ev = av · A av = 15.85 MeV/c2

Es = as · A2/3 ao = -18.34 MeV/c2

Ec = ac · Z2/A1/3 ac = -0.71 MeV/c2

Ea = aa · (Z-A/2)2/A aa = -92.86 MeV/c2

+ for e,e-nuclei for e,e nuclei
Ep = 0 for odd-A nuclei

- for o,o-nuclei

 = ap · A-1/2 ap = 11.46 MeV/c2

A d i ti fAverage deviation from 
experimental masses: <1%!
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The semi-empirical mass formula (SEMF)
BE consists of five contributions: Example: BE of 12CBE consists of five contributions: 

Ev = av · A av = 15.85 MeV/c2

Example: BE of C
Ev: 190.20 MeV/c2

Es: -96.13 MeV/c2

E 11 16 M V/ 2

Es = as · A2/3 ao = -18.34 MeV/c2

Ec:               -11.16 MeV/c2

Ea: 0.00 MeV/c2

Ep: 3.31 MeV/c2

Ec = ac · Z2/A1/3 ac = -0.71 MeV/c2

p

BE:               86.22 MeV/c2

M(12C): 12.00636 u 
why not12 0000 u ?Ea = aa · (Z-A/2)2/A aa = -92.86 MeV/c2

+ for e,e-nuclei
Example: BE of 261Rf
E : 4136 85 MeV/c2

why not12.0000 u ?

 for e,e nuclei
Ep = 0 for odd-A nuclei

- for o,o-nuclei

Ev:            4136.85 MeV/c
Es:            -749.02 MeV/c2

Ec:           -1201.65 MeV/c2

E : 249 85 MeV/c2

 = ap · A-1/2 ap = 11.46 MeV/c2

Ea:             -249.85 MeV/c2

Ep:                  0.00 MeV/c2

BE: 1936.33 MeV/c2

A d i ti f M(261Rf): 261.095 u
for comparison: AME2003:   261.109 u

Average deviation from 
experimental masses: <1%!
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The  decay
Example: 248Cm  244Pu + 4He 

(248Cm) = (244Pu) + (4He) + Q ((Z,A) [MeV/c2] = M(Z,A)[u] – A[u] 
is the mass excess)

Decay energy: Q [MeV]= {(248Cm) – [(244Pu) + (4He)]}c2

Q is distributed between the particle and the daughter From momentumQ is distributed between the  particle and the daughter. From momentum 
conservation follows the energie of the  particle:

   PuM 244
248

and the recoil energy of the daughter

   
Cm)M(
PuMQCmE 248α

248
α 

   
Cm)M(
HeMQCmE 248

4

α
248

D 
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Cs-Isotopes: mass in different mass models
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Prediction of E

Example: 248Cm  244Pu + 4He

Q = {(248Cm) – [(244Pu) + (4He)]}c2

SEMF AME 2003

(248Cm): 53.485 MeV/c2 67.3920.005 MeV/c2( )

(244Pu): 45.658 MeV/c2 59.8060.005 MeV/c2

(4He):  -- 2.424915650.00000006 MeV/c2

Q (248Cm) 5 402 MeV 5 16173 0 00025 MeVQ(248Cm) 5.402 MeV 5.16173 0.00025 MeV

E (248Cm) 5.315 MeV 5.08 MeV

248Cm -decay energy of the simple SEMF is precise to about 5%
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Nuclear Physics 101: -Decay

E1 > E2

E1

V EE2

T1/2(1) < T1/2(2)
r
1/2( ) 1/2( )

Q [MeV]= {(Mother) – [(Daughter) + (4He)]}c2

Ch.E. Düllmann   – Quest for Superheavy Elements    – Ecole Joliot Curie 12 – Fréjus, France   – September 30 – October 05, 2012



Geiger-Nuttall's rule in the 
region of the heaviest elementsregion of the heaviest elements

1 MeV difference in Q1 MeV difference in Q
changes T1/2 by ~3 orders

Oganession, Radiochim. Acta 2012

Realististic estimate of stability of superheavy elements       
including the border of the Periodic Table requires good– including the border of the Periodic Table – requires good 

knowledge of nuclear masses
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Experimental weighing of the atom

E 2E=mc2

The perfect balance tells us about nuclear 
binding energy  stability of a nucleusbinding energy  stability of a nucleus
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Shell structure from masses

     NZNZNZS 22      nn mNZmNZmNZS 2,2,,2 
M. Block
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Principle of a Penning trap

PENNING trap

q/m • Strong homogeneous magnetic field

• Weak electric quadrupole field

q1
Cyclotron frequency: B

m
qfc 

2
1

typical values: B = 7 T, A = 133, fc ≈ 800 kHz

L. S. Brown and G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233

G. Gabrielse, Int. J. Mass Spectr. 279, (2009 ) 107 M. Block
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Penning traps for most highly precise atomic mass measurements

Precision: 10-25 keV/c2

M. Block
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SHIPTRAP: Impact of 252-254No
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SHIPTRAP 2012

Experimental
Muntian (mic-mac)

Z 114 N 184

No
Z=114 N=184

Möller FRDM
Z=114 N=184

TW-99
Z=120 N=172

SkM*
Z=126 N=184

337 (2012) 1207
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