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Mendeleev’s Table 140 years ago
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The idea about the “Islands of stability”
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J. Grumann, U. Mosel, B. Fink, W. Greiner, Z. Physik 228, 371 (1969).
Investigation of the Stability of Superheavy Nuclei around Z=114 and Z=164



The QHD Lagrangian and structure of SHE

The interactions between baryons name In T | Mass(MeV)
are mediated by mesons & o 0 (520)
® 1 0 780
p 1 1 763
(m) |00 |1 138

o: Medium range attraction. Simulates correlated 2n exchange (J=0, T=0).
®: Short range repulsion.

p: Proton neutron asymmetry.

The Lagrangian
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Fission barriers of superheavy nuclei

— NL-22 .
— NL3 Z=118, N=176 Z=120, N=182

— SkI3
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Z=108. N=166 Z=114, N=174
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T. Blirvenich, M. Bender, A. Maruhn, and P--G. Reinhard, Phys.Rev. C 69 (2004)



p(fm3)

Matter density of superheavy nuclei

M.Bender, K.Rutz, 1997
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Neutron levels diagram in the two-center shell
model (left: symmetric, right: asymmetric)
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Ay By

single-particle energy ( MeV)
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Potential Energy (MeV)

Potential Energy Surface (Z=117,
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Alexander Karpov, Luis Ruiz, Yaser Martinez Palenzuela
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Fission of Nuclei with A = 200u.

Usp = 7-8 MeV
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Systematics of Asymmetric and Superasymmetric Fission
(Friedrich Gonnenwein, 2009)
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Cluster Radioactivit

Sandulescu, Poenaru, Greiner




Decay chain of 277112, now “copernicium”, 2’7Cp
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Epoche of 48Ca induced fusion reactions

1964: G. Seaborg, “3Ca+%*Pu —114, 48Ca+%*Pu —116,...
1977: LBL, ¥Ca+%*3Cm —116, chemistry, no events
1985: GSI+LBL, “Ca+*¥Cm —116, <100 pb, no events

1999-2009: Dubna, Yu. Oganessian et al., full success,
48Ca+actinides (U - Cf) —»112 - 118, 1-10 pb



some decay chains
detected in Dubna ety A H

with 48Ca beam (2003) /
and actinide targets 200|291 299

16 116 116

113 synthesized at RIKEN
by K. Morita (2006) | 10.7 MeV

. 53 ms
702n+209 B| \ 289

278

s | 10.0 MeV

270 |2
G

confirmed by S. Hofmann et al.

in48Cca+ 238 reaction, GSI, 2007
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Mendeleev’s Table today
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Electron shells in atoms (Fricke and Greiner, 1972)
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Chemical properties of 112 element

Dmitriev, Eichler et al., May 2006:
Volatility and adsorption properties
of 112 are the same as of mercury



Great progress in synthesis of superheavy nuclei
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What is beyond 48Ca ?

All available targets have been already used:
238U ’ 237Np, 244PU, 243Am, 248Cm’ 249Bk’ 249Cf

+ 48Ca
— 286112, 285113, 292114, 291115 , 29116 , 297117, 297118
Bpass B2 8
1 . — LTI 1
E - S0Ti +243Am — 293117 h
é 0.1 L LB |0 0.1
§ 0.1F an
ool | o~ N B NN 0ot N | 001
35I I I!35I - ‘4IOI - I4»5 I50 : IBSI l40I I4'5I I . l50I 30 I35I I 40 ., 45 I50I
E" (MeV) E* (MeV) E" (MeV) E™ (MeV)
How much Ti is worse ? ]
2 BBass
Factor 50 @8 compared to Ba 54cr 9 F 54Gr +2480m — 302120
Factor 1/
as compared to >0 Ti.
However
(1) beam is available, 3
(z)targetisavai]‘able7 7JII IlIIIIEIIIIJII IIlIII
(3) decay chain is known. *° e (Mev) 0

The experiment started at GSI
(see talks of S. Hofmann and Ch. Duellman)




Stability of the heaviest elements
and limitations of fusion reactions

10

110

100

11

120

12

fusion -
reactions
<1 ups

200

See the talk of Alexander Karpov



Multi-nucleon transfer reactions
in low-energy heavy ion collisions

70-th and 80-th:
Hulet, Kratz, Schadel, Gaggeler, Freiesleben, Moody, Welch and others
(talk of H. Giggeler)

since 2005: renewed interest by Zagrebaev and Greiner
Our approach: (1) Two-center shell model

(2) Time-dependent driving potential
(3) Langevin type equations of motion
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Time-dependent Driving Potential
(diabatic motion transforms to adiabatic one)
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The system of coupled Langevin type Equations of Motion
pﬂ Vﬂﬂﬂblssz {R! B: ‘Pn‘, 'qlzs ﬂ1! BZ’ ﬂ}
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KoY - nuclear viecoelty and fricion,
)..u - nucleon transfer rate
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potential energy (MeV)

Collisions of heavy nuclei (no CN formation)

contact point
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86Kr + 166Er collision at Ecm = 464 MeV ( Coulomb barrier = 260 MeV )

Gobbi et al., 1979

contact point 3 R Ecm= 464 MeV

experiment

_— m‘
> -
% ] 1 1 1 1 1 1
= 20 40 60 80
e 240 1 fragment atomic number
(&)
S
8 - theory
O 2204

TR

Iy

1

1 1
50 100 150 200
fragment mass number




86Kr + 186Er collision at Ecm = 464 MeV ( Coulomb barrier = 260 MeV )
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86Kr + 1%°Er collision at E. =464 MeV (time analysis)

dG/dE (mb / MeV )

20

time distribution of all events ( Ejpss > 30 MeV )
86Kr +166Er, E_ , =464 MeV
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energy distribution
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Collision of very heavy (transactinide) nuclei
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events

Giant quasi-atoms and neutron-rich superheavy nuclei
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Interaction time at the U + Cm low-energy collision
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1000

do/dlog(t) ( mb/unit)

100

What are the triggers for long reaction time ?
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. ORI Nucleon Exchange: Langevin type equations

Ay —> Ayt 1
(L. Moretto, 1974 ) a
Distribution function (p(A1,t) — Master equation _t 2 7L(141_>A1) (P(A1) ?L(A1_>A1 ) (P(A1)
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v
8([) 0 (1) 0 ? (2) Fokker - Planck
Py :_8/1 (D (P) + EVE (D (P> (W. Norenberg, 1974)
n= A1-Az _ Ar-(Agn-A1)_ 2A4-AcN y 1
AcN AcN AcN
y ) ) . f{—A1= pY +\ID(2)F(I) Langevin type eq.
N DY+ ) — l
I ﬁ/D NG
dt Aoy ©
D“)= MAy—=> A+ 1) = A (A —> A1
A At (A > A+ 1) = A (41> A1)

D¥ = %[k(A1—>A1+1)+7L(A1—>A1—1)]

" . Ax1 *
ey A =1 pr(D(A))ar(R;AaAil), p ~ exp(2yaE*), E* =Ecm. - V(R.B.Bym)

Zq—> Zq-1 Z1-ZL3 I
Z;—> z;+1 NZ= Z+Z, D\, = 17\’N,Z(A_>A+])_7\‘N,Z(A_>A_])
Nﬁ Ny-1 _ NNy Dy =Sy A A= A+ D+ D7 (A= A=)

A1)
A a0 [PUED b ey 4t
N,Z N,Z p(A) tr




Comparison with available experimental data
(not so bad !)

cross section ( mb/unit )
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Isotopic yield of SHE in collisions of heavy actinide nuclei
(wide area of the nuclear map may be populated)
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Production of neutron rich heavy and superheavy nuclei
in neutron capture processes:

(1) Multiple nuclear explosions
(2) Pulsed nuclear reactors of next generation



Nucleogenesis in reactors and in nuclear explosions
(see talk of V. Zagrebaev)
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number of protons

Multiple nuclear explosions
(Edward Teller: Technically it is quite possible)

0 multiple explosions
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New generation of pulsed reactors (factor 1000 is needed at least)

10©
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neutron fluence: 10%* n/cm?2

14 pulsed reactor:
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Revision of the Neutron Drip Line
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Stability Enhancement near Magic Numbers
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proton number Z

A new decay mode
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ls Peninsulas on the drip line
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dm
1™* new decay mode:

Ne neutron shower
A 3 y

y
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/

Analogy: A cluster of 24 atoms of 3He decays through a shower
into 24 unbound atoms (the clusters with N<24 atoms are unstable)

Pandharipande et al,, Phys. Rev. 34, 4571 (1956)



Density distribution in “’Pb
Left: normally deformed Right: superdeformed
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Collision of transactinide nuclel and giant quasi-atoms
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Delay time distribution

and a possibility for spontaneous positron formation
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Positron creation in time-delayed heavy ion collisions
The effect of a continuous distribution of times
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Fig.7a and b. The effect of a wuclear time delay distribution (7)), here a Gaussian distribution, on positron spectra. A mean time T
=15-10"*"5 apd deviations t=0 and t1=2.5.107%' s have been assumed. a In the subcritical system Ph+ Pb the interference pattern is
damped out. b In the supercritical system U+ U the spontancous positron lire s still present and will survive even larger deviations

U. Miiller. G. Soff. T. deReus. J. Reinhardt. B. Miiller, W. Greiner. Z. Physik A313. 263 (1983)



Octet of spin 1/2 nucleons and hyperons (left)
Dekuplet of spin 3/2 baryons (right)




Multiplets of pseudoscalar (0-), vector (1*),
scalar (0*) and tensor (2*) mesons




Extension of the Periodic System into the direction
of the finite net strangeness

A
7 "normal” nuclei
Bethe-
Weizsacker
Formula
/ pdt
n
] > N
5 A - hypernuclei
) E,AA - hypernuclei
) S ? ? Extended
: Bethe-Weizsacker-
S<.3 Stranglets ? Mass Formula?
7 ?
Memos
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With recoilless A-production a A or
a X substitutes a nucleon

100 +

200 400 600

Danisz and Pniewski, 1953
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Chart of A-Hypernuclei. Only very few
double A-nuclei are known
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The Lagrangian according to the
Relativistic Mean Field Theory

L = LDirac I LMeson o LCoupling + ECoulomb )
£ Dirac = @B (i')/“au R mB)\IIB )

VN — %3“0(9”0 —U(o) - %G’“’G,“, + %—mf,V“Vu
—%B‘“’B,w + %m?,R"R“ :

ECoupling = —'gaB.\_I;B\IIBO' = ng\_I’-B'YM\I’BV;L = %E’.BO’“V\I’BB”VV

—9,8¥pYv*78YBR,, — %%WBUpuTB\IIBa#RVu

LCoulomb == _%F“VF[.LV = %eA#E;B'Yu(l a 7'O,B)\I'B )



Charge of {n,p,A,Z% ="} systems

Pure
Hyperclusters
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strikine similarities to strangelets

Jiirgen Schaffner Carsten Greiner



Bethe - Weizsacker Formula:

EB ({p/n}) ==Qg " A + ag * A2/3

Z” (N-Z)°
+ac- F T ay* A
ay =16 MeV Volume Term
a; =18 MeV Surface Term
ac =0.72 MeV Coulomb Term
a, =23 MeV Asymmetrie Term

Extended Formula:

EB ({P,n,A,EO,E'}) ~ Egnin

oo (R-(FLT

¢ ® 13 MeV Strangeness term

J. Schaffner, Carsten Greiner, H. Stocker, A. Gal, C. Dover



Three-dimensional nuclear map
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Chart of Anti-Nuclel
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bound states
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QHD Lagrangian and Structure of SHE

The interactions between baryons name In T | Mass(MeV)
are mediated by mesons = 0* 0 (520)
Q) 1~ 0 780
p 1™ 1 763
() |00 |1 138

c: Medium range attraction. Simulates correlated 2t exchange (J=0, T=0).
®: Short range repulsion.

p: Proton neutron asymmetry.

The Lagrangian

L= EBaryon_l_ ‘CMeson+ EBM_*_ £nonlin+ [’em’
where

LBaryon - \|_j (iyuap o M)\V

_ 1 gk N P R,
‘CMeson_ o) 0 O'au(')' 2 Mg ©c
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l vy . 1 245
—ZB B + 2mpR R“
£BM - gG\_V YG6— gm\_VV“W(DM - gpquuT\VR“
3 1 4

. 1 1 2
o

_ 1 ppv — 1-T3
em 4 F va —Cy yu & T \VAH free parameters: €., £ ., gp,Cz, C;, Cy



Positive and negative energy states of nucleons
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Mishustin , Satarov ,
Greiner 1990- 1992

. gealar field: reduce nucleon mass (attr)
E vector field: repulsive potential (+ p)

\J

Antimatter - Cluster - PrUdUCti()n oul ol the correlated vacuum!!



Composites In the strong MFT

Temperature
Model
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Collective production mechanism of
multi-A-Hypernuclel and multi-A-Hypernuclel
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Nuclel and Antinuclel Yields in the

Experiment of STAR Collaboration
(J. W. Harris, T. Kollegger, R. Stock, et al.)
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