Physics of superheavy elements
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What is the heaviest element?
natural elements: Pu (Z=94) — a tiny amount in nature

U (2=92)

What determines these numbers??

heavy nuclel — large Coulomb repulsion

!

unstable against o. decay

1 Angstrom (= 100,000 Fermi)

(Z-2,N-2) (Z=2,N=2)



Decay half-lives of heavy nuclei
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Periodic table of chemical elements
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artificially synthesized (“man-made’) superheavy elements (SHE)
<—— nuclear reactions



RIKEN E{CPTHRA RIKEN

Fusion reactions for SHE

the element 113: Nh
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Heavy-ion fusion reaction
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Prediction of island of stability: an important motivation of SHE study

CHART OF THE NUCLIDES
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shell energy
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who IS she?
S

88

Z=110 Darmstadtium (Ds) 1994 Germany
Z=111 Roentgenium (Rg) 1994 Germany

Z=112 Copernicium (Cn) 1996 Germany

Z=113 Nihonium (Nh) 2003 Russia / 2004 Japan
Z=114 Flerovium (FIl) 1999 Russia
Z=115 Moscovium (Mc) 2003 Russia
Z=116 Livermoriun (Lv) 2000 Russia
Z=117 Tennessine (Ts) 2010 Russia
Z=118 Oganesson (Og) 2002 Russia

113

Germany, Japan: cold fusion reactions
Russia: hot fusion reactions




Germany, Japan: cold fusion reactions
Russia: hot fusion reactions

1+2 — CN

-

formation
Example 48Ca + 23Am — 0Zn+29Bj —
18’Nh + 4n 28Nh + 1n
asymmetry large small

hot CN cold CN



How to synthesize SHE? Nuclear fusion reactions

» Fusion of medium-heavy systems:

B > o)

» Fusion of heavy and super-heavy systems:

‘
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If two identical nuclei contact:
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threshold: Z,*Z, = 1600 ~ 1800 ac = 0.72 MeV
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Quasi-fission <«—
\

o N fission <«—

cannot distinguish

o~ experimentally
n

fusion

evaporation

e CN = compound nucleus

experimentally dEteCted ER = evaporation residue
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typical values for Ni + Pb reaction
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Theoretical description
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statistical model
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Langevin approach multi-dimensional extention

q: =internuclear separation,

2

e -deformation,
P E— ] -asymmetry of the two
E 1_ fragments
<L fusion
> -3

A

I R | .

_§0.4| -02 0 02 | (}|.4 | 0.6 | 0.8
€ (deformation)
thermal fluctuation
—> Langevin method
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v: friction coefficient
R(t): random force



Theory: Lagenvin approach
multi-dimensional extension of:
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typical values for Ni + Pb reaction
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hot fusion
:optimizes this process
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Example 4Ca + 23Am — 0Zn+29Bj —

18/Nh + 4n 278Nh + 1n
asymmetry large small
Capture large small

Survival small large
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hot/cold fusion: a comparison of cross sections
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Hot fusion reactions: **Ca+actinides I 7 =119 and 120
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Towards Z=119 and 120 nuclel

hot fusion reactions with *Ca:  48,,Ca @ 119

short lived —not available with
sufficient amounts
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# BCa — Y, Ti, °L,,.V, >4,,Cr projectiles || how much will
cross sections be affected?

closed shell — open shells



Towards the island of stability

165 170 175 180 185
neutron-rich beams: indispensable

» how to deal with low beam intensity?

» reaction dynamics of neutron-rich beams?

v' capture: role of breakup and (multi-neutron) transfer?
v" diffusion: neutron emission during a shape evolution?
v" survival: validity of the statistical model?

structure of exotic nuclei
more studies are required

115

114
113

112



Chemistry of superheavy elements
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7 87| 88 || 89 |*
Fr [| Ra || Ac | *

» Are they here in the periodic table?
»Does Nh show the same chemical properties
as B, Al, Ga, In, and TI?



relativistic effect : important for large Z

Solution of the Dirac equation (relativistic quantum mechanics)
for a hydrogen-like atom:

relativistic effect



Famous example of relativistic effects: the color of gold
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Gold looked like silver if there was no relativistic effects!




Rel Non-Rel.  Non-Rel.
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Rel. Non-Rel.  Non-Rel.
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Rel s
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absorbed (Au) reflected (Au) @ @
reflected (AQ)




Rel /Non-ReI. Non-Rel.

3.7eV 2.4 eV

no color N blue: absorbed
absorbed Silver (Ag) Gold (Au)




Chemistry of superheavy elements

Grciipp—?d‘l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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Ra || Ac Rf ||Db || Sg || Bh || Hs || Mt|| Ds || Rg|[|Cn [[Nh{| FI [[Mc||Lv || Ts || Og

*1 58 (| 59 || 60 [| 61 || 62 || €3 65 [| 66 || 67 || 68 |[ 69 || 70 || 71
Ce || Pr[[Nd||Pm||Sm|| Eu || G Tb || Dy ||Ho || Er [[Tm || Yb || Lu

*190 (| 91 || 92 97 1198 || 99 [|100][{101|]102|[103
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93 |[94 |[95 9&|
|

How do the relativistic effects alter the periodic table for SHE?
—> a big open question
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