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Periodic system of elements

Lanthanoide

Actinoide
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Elementes are defined through the nuclel

The chemical properties depend
on the shell structure of the electrons

The number of electrons is determined
by the number of protons in the nucleus




Z electrons

eutrons
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Which forces act in the nucleus?

the Coulomb force repels the protons

the strong interaction ("nuclear force") causes binding
It Is stronger for pn-systems than for nn-systems

neutrons alone form no bound states
exception: neutronen stars (gravitation!)

the weak interaction causes [(3-decay:
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[The bare nucleon-nucleon interaction:}

distance > 1 fm: attractive repulsive core| | Yukawa tail|

’ ‘ |
TT-meson _F ]
<+ 1fm=> - i
s |
-100 |~ —
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distance < 0.8 fm: repulsive
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three-body forces
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[What IS special in nuclei?}

size: nuclei are very small objects: Uncertainty relation

) 2
72 fm -nm?

AZI?QApQ 2 Z Ekin 2 107*—2 Me\/ — 10_!)7*—2 e\/

degrees of freedom: spin and isospin: 44 possibities

very complicated interaction: strongly repulsive
tensor forces
3-body forces

many particles: Pauli principle:
effective interaction inside the nucleus is quenched (Brueckner)

required accuracy (for masses):
100 keV / 1000 MeV = 104
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nucleons in the nucleus: ‘

surface tension (attractive):

- nucleons in the surface are less bound

- surface energy ~A?/3

Coulomb-energy (repulsive):

~ to the number of proton pairs ~Z2

symmetry-energy:

- each nucleon feels only the - proportional to ~(N-Z)?
next neighbors

- binding energy is proportional
to number of nucleons ~A=N+Z
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THE VALLEY OF STABILITY Sym metl‘y energy

E’Io n.é.nm-'n sidcrffr (.

un.d:?st:zd's fcc'::nhysu o——
aren’t sure wheare the
dn'plinc lies

‘Nuclei with excess| —
nuclaons move
down the valley

toward stability

neutron drip line

STABLE ELEMETSS

N'Z — "\

curvature is symmetry energy: S,
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Bindung enery along the valley of stability:

S0 Hydrogen
tightly
bound
‘Fusion Nuclear Binding Energy
Helium £
T ission tiariien
tightly
bound
0 40 80 120 160 200 240
Mass Number
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Less
tightly
bound

Phaenomenological description o tulowrBindng Erem

of the binding energy in nuclel: .
(Bethe-Weizsacker-formula)

120 160 200 240
Mass Number

B(N,Z) =-a,V-asS+a-Z%R + a/(N-2)?/A+ ...

7 AN

surface tension Coulomb repulsion
- bindes drives the nucleus
- prefers sphere ~A23 towards fission ~Z2/A3

The stabllity of nuclei is defined
by the interplay between surface tension
and Coulomb repulsion
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classical nuklear droplet

I

Deformation
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shell effects:

atoms

(eV)

central potential

small spin-orbit

(MeV)

self-bound system
large spin-orbit




Quantummechanical Shell Effects

Single—particle Energy (MeV)

Shell effects lead to a new
stability at specific protonen-
Deformation or neutron numbers (magic numbers)
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Quantenmechanical Shell Effects

Potential Energy

Deformation

Elements with Z>100 are
stabilized through shell effects

Decay through
fission !l
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Quantum mechanical shell effects
Z <100

Potential Energy
O
QD
wn
23
O
D
Q.
=
O

=2
D
—~—t

Deformation

Elements with Z<100 are
stabilized by surface energy and shell effects
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Quantum mechanical shell effects
Z >100
|! | classical droplet \

Deformation

Potential Energy

Elements with Z > 100 are
stabilized only by shell effects
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Limits of stability

Island of
Stability
?
Pb (lead) and Bi (bismuth)
Z =100
&
82
Z AN 126 - -7 U (Uranium) and Th (Thorium)
= TN
B.=0

black: stabile isotopes
red: pt-decaying isotopes
blau: p-decaysing isotopes
. a-decaying isotopes
: spontaneous fission




Synthesis of heavy and superheavy elements

Neutron capture and subsequent 3-decay:

. # 7— ]

(N,Z) (N+1,Z) (N,Z+1)
Fusion of two nucleil:

®n
/! _~ a-decay

P fission

Compound-Kern
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Fusion over fusion barrier

- —

It exists only

Potential Energy

a very small
fusion window

Deformation
) & @& @

Effects such as friction or reflexion
at the inner barrier are important!
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History of Discoveries

(P. Armbruster, “Spektrum der Wissenschaft*, Dezember 1996)

1898 M.Sodowska-Curie

Polonium (Z=84) 1934
Radium (Z=88) Enrico Fermi proposes to irradiate
Uranium with neutrons and to Fritz StraBmann
1908 synthesise heavy elements discover the

neutron induced

Radon (2=86 1917 — n
Discovery of radioactivity by ( ) Protactinium (Z=91) nuclear fission Francium (2:87)
A.H. Becquerel l l
Period of Radiactivity |
1896 A . 1940
1940 1941 . BTy % 1939 19E.>0 .
Astatin (Z=85) Plutonium (Z=94) 1944 SN " Jthe group at the 60-inch-Cyclotron: 1949 Californium (Z=98)
- _ Americium (Z=95) JCooksey, Corson, Ernest O. Lawrence ) _
Neptunium (Z=93) Curium (Z=96) i =3 Thornton, Backus, Salisbury, Berkelium (Z=97)

J' o Luis Alvarez und Edwin McMillan J'

Period of Irradiation with Neutrons

1940 1955 With Fermi’s methode and the 60"Cyclotron 1965

1952 Mendelevium (2:1 01) 7 Transurane (Z=93-99) could be synthetihed. . B

Einsteinium (Z=99) By Irradiation of Actinids with light ions Nobelium (Z=102) 1969
. A the elements up to Z=106 have been produced W NVAR[IK)! , _

Fermium (Z=100) in Berkeley (CA,USA) and Dubna (RuBland) Rutherfordium (Z=10

1970 1952

Dubnium (Z=105) 1974
Seaborgium (Z=106)

1974

W The Linear accelerator

;ﬂgstz U (7109 7 - YlUNILAC and the velocity  WRSLH 1996 2004
19g1 Meitnerium (Z=109) el [ L U - et 110 Element 112 Element 113
Bohrium (Z=107 1984 allewed the syntesis of the E| 11
ohrium (Z=107) Hassium (Z=108) elemente Z=107-112. ement (Japai)
P.Armbruster gl ¢ l 1
Could Fusion of Pb or Bi with a light Projectile |
1974 2004

?7?7? (Japan, China)

Y.Ogannesian | Z=114-120 ??? l




126 142 148 162

neutron number 184
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GSI Accelerator iIn Darmstadt

Ring-Accelerator

90% Lichtgeschw.
lon Sources
all elements

Linear Accelerator
20% velocity of light

50 m

Experimental devices
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A look Iinto the interior of the linear accelerator



Synthesis of Super-heavy
Elements at SHIP

Separator for Heavy lon
Reaction Products

70Zn  208pp 277112

11.45 MeV
273110 280 ps

g

11.08 MeV
269Hsg 110ps

/ 9.23 MeV
26589 19.7 s

Vi

Beam v 4.60 MeV (escape)
Wheel known 261Rf 74s

kinematical separation 4 8s2Mev | Identification

H H 257N (S

in flight ° by o-a decays
7 8.34 MeV to well known

25%Fm| 150 Nuclides
Date: 09-Feb-1996

Time: 22:37 h
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Systematics of cross sections

(1n reaktions)

10°8

1076 -

1 Seconde In_Reactions

® 0 208pb' 209p;

107 ~ . X Smolanczuk
0 4 1 Minute _ time for 1event (on the average)
c 10 - w A —present sensitivity:
b= 1 Stunde ..
2 0 ] limit ~ 1 pbarn
\ s2Ge 86K . :
° 1ot ° —Radiation-dosis:
0" 10 Tage 1pb 1.5x108 projectile
SHIP
Iu-l.'l_. -
10" N-2/2 =3 =
10-'5 L L AL AL ™71 v 1 v 1 1 717571 1fb
102 104 106 108 10 12 14 16 118 120
Element number
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Shell correction E_,_;, in the region of

superheavy elements
P. Moller et al.

GSI: Elemente 107-112
first synthesised
and uniquely
identified:

107 - Bh

108 - Hs

109 - Mt

208pp

1
for element 111 (18.5.2005):

7 NS

Region of spherically
277419 sabilized nuclei (,Island of
Stability")

for element 110 (16.8.2003):
Darmstadtium - Ds

Rontgenium - Rg
for element 112 (12.7.2010) AP
Copernicium - Cn

A = W o
- SR\
AT o Region of deformed
$e° stabilized nuclei with
O Z=108 and N=162
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Confirmation of Element 112

2. Exp. in Mai 2000:
« E*=10 MeV und 12 MeV
_ « 1 Event
1. Experiment 1996: 277112. 277112.
e E"=10 MeV 4 11.45 MeV 4 11.17 MeV
27311 280 ps 27311 1406 p s
1 Event 0 7&bmm 0 Z60amm
/ 11.08 MeV / 11.20 MeV
269Hg 110ps 269Hg 310ps
17.77 mm 26.01 mm
/ 9.23 MeV / 9.18 MeV
26589 19.7 s zessg 22.0s
17.81 mm 26.16 mm
/ 4.60 MeV (escape) / 0.2 MeV (escape)
261Rf 7.45s 261Rf 18.8 s
17.57 mm 27.33 mm
/ 8.52 MeV 153 MeV
145s
257No 4.7s )
17.96 mm 26.70mm New Crosssections:

8.34 MeV Date: 05-May-2000

253 15.0s Time: 18:12 h *__ _ +09
AL 17.91 mm O-(E _10 MeV) - 0'4-0.3 pb

Date: 09-Feb-1996
Time: 22:37 h

o(E*=12 MeV) = 0.5 pb
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First observation of 278113 by cold fusion in Japan

K. Moritaet al., JPSJ (J. P

hys. Soc. Japan) Vol. 73 (2004)

2[}9Bi + 70Zn —y 278

36.75 MeV

TOF 44.61 ns
113 + n 30.33 mm "

PHICN|  suip #12
L 11.68 MeV (PSD)

344 s

30.49 mm

2?4] 11

a i
11.15 MeV
6.15+5.00 (PSD+SSD)

2700\t 9.26 ms

a. 30.40 mm
10.03 MeV
1.14+8.89(PSD+SSD)
2%6Bh|  7.16 ms
(0 29.79 mm g=55 +41_§4 b
9.08 MeV (PSD) -47
2475
30.9]1 mm 23_']“1)?_2004 18:55 (JST)

/\ 204.1 MeV(PSD)

4095
30.25 mm

E ("°Zn) = 349.0 MeV

Tasca04 Workshop. August 27, 2004 at GSI K. Morimoto
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The elements 114-120 at JINR-FLNR in Dubna

Yu.Ts. Oganessian,V.K. Utyonkov et al.

Exit max
Mylar Hj (~1 Torr) Bp =3Tm
TOF ind
Proportional wu% o
chambers / . Rotating
\\ / II- Q. [r Q D tf!-,rget Beam
S — T = J control
e = [T 77 T & system
\ \ 2|2° g
| Pentane |\ ) , SN Ve
\ (~1.5 Torr) \\ // | &R
Position-sensitive o ! Rof;a.ting ",
Si detector array EVRs Suppressed beam entrance
E x,y {Faraday cup) window
Dubna Gas Filled
Recoil Separator e
( DGFRS ) o

Beam of " "
Ca-ions
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CHART OF THE NUCLIDES

Ba+238U...29f

115/288
87 ms

Z=114

110/269 | 110/270
1 10045

proton number

176 178 180 182 184

. ] ] ] ] | A/Z

64 166 168 170 172 174 11,285 EC

" il [

E,(Mev) |G

Sig 75 i . 3

Md259 | Md260
230 6m 1om<28m fd 27 . : 95m 3184
o b b : | ‘
Fm251 Fm252 il Fm258 |Fm259
5.30n . X o3éms | 15s
SR TR s 5 i 5 s o ‘ ¢

Es250  Es251

22h 86h 330

a9 0ooma
8ie g

Cf249 = Cf250
Iia 131s

s 3 2 oo
P il § 5 3 .
[RH - R | |

150 152 154 156 158 160 162 neutron number




Calculations :
a-energies in the Z=115 chain

288

115

al’/
284 12 pmm—y
113 | .
107 109 111 113 115
az’/ _ _ 107 109 111 113 115

280 [

111 "

a?/ 3
276 S

Mt 2 ®
(14’/ - o
&
272
Bh .
aS’/ ok
I O—1ORHB/DD-ME2
@ expt.
268 I
Db 8 2;2 2;’6 2&I30 2é4 2E;8 2;’1 2}5 2%9 2El53 2-‘:;?

’/ X Mass Number

@ Exp: Oganessian et al, PRC 69, 021601(R) (2004)
O RHB: Lalazissis et al, PRC 71, 024312 (2005)

Relativistic Hartree Bogoliubov Theory



Conclusions:

Important facts for the stability of atomic nuclei:
- surface tension (nuclear force)
- electric repulsion of the protons
- guantenmechanical shell effects

There are still new elements:
- were is the next major shell, Z=114, 120, 126 ?
- besides, there are deformed subshells.

Properties:
- very small life time (milliseconds — seconds)
- so far one could synthesize only single atoms
- one hopes longer life times at the major shells

Why is this interesting?
- Chemistry: Extreme strong fields in the eleciron
- Physics: Is our understanding of the nuclear force 0.k.?
- Perhaps there are surprises !
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Bubble nucleus: 999230

Burvenich et al




