Lecture 3:

Properties of Superheavy
Elements

Searching for New Elements
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Chart of the Nuclides: 2019
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Unique Challenges With Transactinide Experiments

Challenges with heavy element chemistry:
A Only make one atom-at-a-time

AAt oms formed with the momentum of t he b
A Transactinides are short-lived with lifetimes of minutes or less
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What we can learn from decays of just a few atoms?

Can measure

A Decay mode

A Decay energy

A Decay lifetime

A Photons emitted during de-excitation

A (Some) chemistry

A High precision mass measurements (Z<=104)
A Energies of atomic levels (Z<=102)
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Spontaneous Fission Lifetimes

| ¥ | } | % i v | ¥ ! . | Y | . | | E | d |

—0—Cm —&—Rf 1
—+Cf —O—Sg |

A Plot of spontaneous fission Err He |

partial half-lives for known © —0—No —>—Cn |

fission emitters 2; —%—Fl ]

:go : second

A Strong N=152 shell in | A, ff ]
lighter isotopes ] :

! : | ' 1 : ! J ! % ! J | ” I J I . |

— —
140 144 148 152 156 160 164 168 172 176 180 184
Neutron number

Khuyagbaatar, J.: Nucl. Phys. A 1002 (2020) 121958: https://doi.org/10.1016/].nuclphysa.2020.121958

Office of

Science JUly 12, 2023 @


https://doi.org/10.1016/j.nuclphysa.2020.121958

Fission Fragment Masses
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Total Kinetic Energy
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Alpha Decay
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Alpha Decay Half-life

104 E 1 T |11
= 03 : /I —
Can measure alpha decay energies =z 3 N-162'-{ 07 N=-1847,
. . 2 .
and half-lives for all isotopes o I N j 3 | F1min
. i ] /
observed to decay via alpha 4100 | NV 1008 o e ,
R S F A
S e NS A
3 W/ :
5 10723 ’\ﬁ A /\i 5 ,// ﬁi
E % ' #/ v \\;4£/ 1
E 10°g ! ! : J " 1lms
< 7
10‘4§ : . .
10_5 - 1 L L L rryprrrerrrprrrrprrrrprnrd

|
150 155 160 165 170 175 180 185
NEUTRON NUMBER N

Oganessian, Yu.Ts., Phys. Today 68 (2015) 32: https://doi.org/10.1063/PT.3.2880

1 {5} ENERGY | oeee! July 12, 2023

BERKELEY LAB SirEs j


https://doi.org/10.1063/PT.3.2880

Alpha energy systematics
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Alpha decay
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Atomic Masses
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Atomic Masses T Penning Trap

Trap lon in: Superposition of a static strong uniform (b)
magnetic field (B) and a static three-dimensional
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Atomic Masses T Penning Trap
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Atomic Masses T Penning Traps
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Question: can we obtain high-
resolution mass measurements
with fewer atoms?
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Atomic Masses T MR-TOF

Multi-Reflection Time-of-Flight (MR-TOF)

A Accelerate ions across a known voltage gap

A Trap ion between two electrostatic mirrors

A lons separate during flight path according differing A/q

ions  Mirror 1 Free drift Region Mirror 2 Deflector
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Atomic Masses T MR-TOF
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In-Beam Spectroscopy
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In-beam Spectroscopy

Probe highly excited nuclear levels
populated during de-excitation of a
nucleus

Step 1: Surround target with lots of
germanium

Step 2. Make SHE in nuclear reaction

Step 3: Observe gamma rays emitted ¥ |
during deexcitation of SHE
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In-beam Spectroscopy

Observed gamma ray spectrum from — 0
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Spectroscopy:

K-lsomer: excited metastable states
that are found amongst the rotational
states of deformed atomic nuclel
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Determining Location of the Next Shells

Single-particle states responsible for the stability of
SHE can be probed via:

1) States which are near the ground state In
deformed nuclel near Z=102 are also near the
ground state for spherical SHE. We can study
these states in Z=102-104 with production rates of
up to atoms per second.

Es. o (fiw)

2) We can produce SHE at rates of nearly 1 atom
per day. New capabilities allow us to perform
spectroscopy directly with SHE.
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K-isomers in 2°°Rf
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K-isomers in 2°°Rf
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Spectroscopy:
Alpha-gamma
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Alpha-gamma spectroscopy

Mother nuclide AXN Mother nuclide

Look for gamma or
conversion electron decay
In coincidence with alpha

decay

Eexc
or conversion e-

' A 4 :
Daughter nuclide X v o Daughter nuclide
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Decay Spectroscopy of E115

Alpha spectra Photon spectra
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Decay Spectroscopy of Element 115

A Observed photons in
coincidence with alpha-
decay

A Develop level scheme
for low-lying states in
216109 and 272107

A Determine
multipolarities for
several transitions

A Close to identifying
single-particle states
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Heavy Element Chemistry

Challenges with heavy element chemistry:
Only make one atom-at-a-time
Atoms formed with the momentum of the beamlh ocnnn Yk a

Transactinides are short-lived with lifetimes of minutes or less

—

Common Techniques Provide qualitative information only:
A Gas chromatography __ Does 112 behave more like Hg or Rn?
A lon exchange Does 105 form volatile chlorides?
A Solvent extraction —
) Provide guantitative information:

Up & Coming Techniques:
A Laser spectroscopy —_
A Mass Analyzers

What is the first excited atomic state of Rf?
Is it Sg(CO), or Sg(CO);?
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First (and only) Chemistry on Hassium

A Os and Ru both known to form

. ) ) 8
volitale tetroxides in the presence of ﬁ 'ﬁ
oxygen and heat _Os=
A hassium also f atil % B
Rotating Beam Does. assium also form volatile Fe
Taraet tetroxides? ﬁ on_
Ru~_ 44
o X0 Ru
O Ruthenium
101.07
- "o
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o> Oxygen gas 20° C1 Temperature1 -176° C el
@ I — ) 108
Hs
Hassium
PIN Diode Detectors —

Duellmann, Ch.E. Nature 418 (2002) 859: https://doi.org/10.1038/nature00980
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First (and only) Chemistry on Hassium

A Os and Ru both known to form
volitale tetroxides in the presence of
oxygen and heat -

Hassium

Beam A Does hassium also form volatile - .| | Osmium Il
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Duellmann, Ch.E. Nature 418 (2002) 859: https://doi.org/10.1038/nature00980
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https://doi.org/10.1038/nature00980

Thermal Chromatography of E114 and E112

9

7

COMPACT I (IC) COMPACT I (TC)

== Gas flow

Temperature] C]

Column length [cm]
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Periodic Table
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Thermal Chromatography of E114 and E112

a al
oo

Temp /°C

COMPACT I (IC)

E114 observed to

adsorb on Au at room
temperature AND -80 C

Eichler: Radiochim. Acta 98 (2010) 133
Yakushev: Inorg. Chem. 53 (2014) 1624
Yakushev: Frontiers in Chem. 10 (2022) 1.
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COMPACT I (TC)

Rel. Yield / % per Detector

a)

MPACT Il (TON]

COMPACT | (IC) :CO

) Rn:-DH {98 k/mol

€)

b)  Pb:-DH " >285 kd/mol

¢)  Hg:-DH ;%98 kd/mol

E114: -DH 4 >48 kd/mol

f Cn:-DH 2% 52 kJ/mol
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1ty
LI |
-

[]

Detector Number
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Thermal Chromatography of E114 and E112

50 T T T T T T T 1 T T T T T T T |
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19 20 21 22 23 24 25 26 27 28 29 31 32 33 34 85 36 S
K Ca | Sc Ti Vv Cr | Mn Fe | Co Ni Cu Ga | Ge | As | Se Br Kr 8
37 38 39 40 41 42 43 44 45 46 47 49 50 51 52 55 54 6 0 P B J
Rb | Sr Y Zr [ Nb | Mo | Tc | Ru | Rh | Pd | Ag In Sn | Sb | Te | Xe (| . Au, :
55 | 56 | 57 | 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 81 | 82 | 83 | 84 | 85 | 86 o 20 Hg: -DH a’ 598 kJ/mol
Cs Ba | La” Hf Ta W Re | Os Ir Pt Au TI Pb Bi Po At Rn o
87 88 89 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 113 | 114 | 115 | 116 | 117 | 118 g :
Fr Ra | Ac* | Rf Db | Sg Bh Hs Mt Ds | Rg Fl+ Lvt ~ 0 —_— |
L®)] . :
3 d)  Rn:-DH % i98 kJ/mol
S 58 59 60 73 62 63 64 65 66 67 68 69 70 71 > 2 4
Ce Pr | Nd | Pm | Sm | Eu | Gd | Tb Dy | Ho Er | Tm | Yb Lu FJ
., | 90 | 91 | 92 | 93 [ 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103 o 0 —roerrerrrrneErem S A — =
Th | Pa U Np | Pu [Am | Cm | Bk | Cf | Es | Fm | Md | No Lr E114: -DH Au >48 kJ/mol S
I : ; )
E112 Exhibits noble gas-like |; ; || A
. 1 = M M ' M M (D)
behavior and does not form 01 Cn:-DH 2% 53 kImol 2
amalgams with Au = S
: - @)
0 i i i : EIPLALE B - i O
10 20 30 40 50 60

Eichler: Radiochim. Acta 98 (2010) 133
Yakushev: Inorg. Chem. 53 (2014) 1624 Detector Number
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Seaborgium Carbonyl Chemistry

Mo and W form volatile hexacarbonyls
ot In the presence of carbon monoxide
otatin
Target \?Vheel (C O)

Mo /W/ Sg
Trajectories

Does Sg form these same
Background Complexes? VIB

Mylar Window Trajectories

N2 (1)
Cryostat

COMPACT

AR AR S S L A A

Chamber (RTC)
Teflon Capillary

Recoil Transfer /

2x 32 SiO, covered detectors for
o and B particles and fission fragments

Fig. 1 Schematic drawing of the experimental setup.

Even, J.Science,345 (2014) 1491:https://doi.org/10.1126/science.1255720
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Seaborgium Carbonyl Chemistry
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Even, J.Science,345 (2014) 1491.:https://doi.org/10.1126/science.1255720
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Sg reacted with CO at exit of GARIS

Sg has similar volatility to Mo and W

Question: what is missing from these
chemistry experiments?
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lonization potential C How
much energy is required
to remove electron from
an element

lonization energy: 1st
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lonization Potential of Lawrencium (Z=103)

1. Produced 2°°Lr and neutralized it in

249Cf target a He/Cdl, gas mixture
& o 2. Transported 2°°Lr atoms to
Lr .. . :
md 7 jonization cavity
"B beam - 256
Skimmer . Dipole magnet 3+ |0ONized <>°Lr on tantalum surface
L{ 4. Counted number of 2%6Lr ionized
o Yo Be
He/Cdl N\
gasrjel lonization  Extraction
cavity electrode —_———
v
Detector

Sato, T.K.: Nature 520, 209 (2015): https://doi.org/10.1038/naturel14342
Sato, T.K.: JACS 140 (2018) 14609: https://doi.org/10.1021/jacs.8009068
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lonization Potential of Lawrencium (Z=103)

Well-known relationship between ionization

T T T I '
efficiency and ionization potential ' T= 270K
¢ —IP} [ E
NeXp kT i Rb / Equation (1) i
Ieff — q& o IP* (1) :_ _______ _ -
H—Nexp( 1) [ IeedL1) 7| 143
kT - = (33 4)% e
5 142/143Eu
g e
3 10k : ) =
f = material dependent work function o
| "
= | 168 I / 148Tp
K = Boltzmann conTQ.tar_n_ _ | * v
T = temperature of ionizing surface - 1Py | ;/
B +0.08 STEr 75
N = effective number of atom-surface o Dt T
interactions ‘ ke !

Sato, T.K.: Nature 520, 209 (2015): https://doi.org/10.1038/naturel14342
Sato, T.K.: JACS 140 (2018) 14609: https://doi.org/10.1021/jacs.8009068
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lonization Potential of Lawrencium (Z=103)

249Cf target
vyO 256
= 4 Lr
AOO
"B beam
Skimmer 256 -+ Dipole magnet
2 "o \ °
He/Cadl N\
gasel lonization  Extraction
cavity electrode —_———
\4
Detector

“ 4
Sato, T.K.: Nature 520, 209 (2015): https://doi.org/10.1038/naturel14342

Sato, T.K.: JACS 140 (2018) 14609: https://doi.org/10.1021/jacs.8b09068
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lonization Potential of Lawrencium (Z=103)

A Measured No and Lr ionization
potentials

A Lr has the most weakly-bound
valence electron among all
actinides

A Confirmed that No closes out
the actinide series
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"full-filled 5f-shell"
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7P, electron”
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Sato, T.K.: Nature 520, 209 (2015): https://doi.org/10.1038/naturel14342
Sato, T.K.: JACS 140 (2018) 14609: https://doi.org/10.1021/jacs.8009068
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Laser Spectroscopy

Energies of Nobelium atomic orbitals probed
though RADIS (RAdiation Detected Resonant
lonization Spectroscopy)

- BY b
1. lon stopped (charged) in helium buffer gas w? \ |
. . Entrance ~ i Filament
2. Accumulate and are neutralized on filament o 4ow . -
3. Re-evaporated as neutral atoms f'.
4. Excited by a two-step photoionization ’-«
technique £ & | -
5. lons guided to silicon detector ., Clegirodes<. Sl PIPS
1 \ h 4
f@y— detector
@

Block, M.,Nucl. Phys. A944 (2015)471: https://doi.org/10.1016/j.nuclphysa.2015.09.009
Block, M. La Rivista del Nuovo Cimento45 (2022) 279:https://doi.org/10.1007/s40766 -022-00030-5
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