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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:

- Only make one atom-at-a-time
- Atoms formed with the momentum of the beam — 36000 m/s
- 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

 Decay mode

 Decay energy

* Decay lifetime

* Photons emitted during de-excitation

* (Some) chemistry

« High precision mass measurements (Z<=104)
* Energies of atomic levels (Z<=102)
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Spontaneous Fission Lifetimes
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Fission Fragment Masses
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Total Kinetic Energy
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Alpha Decay
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Alpha Decay Half-life
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Alpha energy systematics
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of nuclear stucture

SLy4 prolate  LvQg oblatch’

0.34 Dstn

Fm Rf
N
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Alpha decay
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Atomic Masses
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Atomic Masses — Penning Trap

Trap lon in: Superposition of a static strong uniform (b)
magnetic field (B) and a static three-dimensional
guadrupole electric potential 5
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Eliseev, S., Euro. Phys. J. A, 59 (2023) 34: https://doi.org/10.1140/epja/s10050-023-00946-4

Dilling, J, Annul. Rev. Nucl. Part. Sci. 68 (2018) 45: https://doi.org/10.1146/annurev-nucl-102711-094939
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Atomic Masses — Penning Trap
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Block, M., Nucl. Phys. A, 944 (2015) 471: https://doi.org/10.1016/j.nuclphysa.2015.09.009
Block, M. La Rivista del Nuovo Cimento 45 (2022) 279: https://doi.org/10.1007/s40766-022-00030-5
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Atomic Masses — Penning Traps
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Question: can we obtain high-
resolution mass measurements
with fewer atoms?
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Atomic Masses — MR-TOF

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

« Accelerate ions across a known voltage gap

« Trap ion between two electrostatic mirrors

 lons separate during flight path according differing A/q

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




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

GRETINA
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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

>2200
27(5)us
256 » Looking to observe low-energy (10-
R f 1000s of keV) signals just before the
104 152 alpha/fission_ decay_ of a heavy element
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70 = 1400
a « Measure energy of transitions and
soms photons emitted during decay = build
=946 level scheme to identify nuclear levels
900
@) o]
) P =46
©9) Jeppeson: Phys. Rev. C 79 (2009) 031303 http://dx.doi.org/10.1103/PhysRevC.79.031303
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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

Observed photons in
coincidence with alpha-
decay

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

Determine
multipolarities for
several transitions

Close to identifying
single-particle states

U.S. DEPARTMENT OF Oﬁ‘-lce Of

Photon spectra

‘115—>113

—113'_>111

————————]

‘111—)1 09

- (10) 9.72 HF=230(30)

(60) 9.76 HF=50("s)

counts per 2 keV

—109—>1 07

O W

]

‘107—)1 05

ON-bON-hOI\J-hON-hON-h

0

photon energy (keV)

100 200 300 400 500

1 166

I E1

3021 e
(E2] 136

IET

- __ 260 _

(20) 9.80 HF=200(%02)

(5) 9.48 HF=62( g)
(5) 9.53 HF=87("

(80) 9.60 HF=8.9( ‘311)

|
|
(10) 9.90 HF=490(7%))

,:\I A =
BERKELEY |_m3| &'g EN ERGY Science

July 12, 2023



Chemistry

MENT OF (S)Zfiigsc(;f JUly 12, 2023



Periodic Table

18
VIIIA
8A

2
13 14 15 16 17
IIIA IVA VA VIA VIIA He

10 811 - . -
18
3 4 5 6 7 8 9 10 11 12 I Ar
B VB VB ViB ViiB Vil 1B 1B
( 1 2B Aluminum Blwn chlorlna Argon

Helium
4.003

10
Ne

Fluorine Neon
18.998 20.180

3B 4B 5B 6B 7B 8 1B 26.982 23.086 35.453 39.948
21 2__ 23 24 25 26 27 28 29 30 r 32 33 34 35 36
Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Br Kr
Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Bromine Krypton
44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72631 74.922 79.904 83.789
40 41 42 43 44 45 46 47 48 53 54
Zr Nb Mo Tc Ru Rh Pd Ag Cd H ':o Sb Te 71 “Xe
Zirconium Niobium Molybdenum  Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Tellurium lodine Xenon
91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.414 114.818 118.711 121 m 127.6 126.904 131.294
2 73 74 76 77 78 79 80 F r i 84 85 86
Hf Ta W Re Os Ir Pt Au Hg Po At Rn
Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thalllum Lmd Bbmuih Polnnm Anmlno Radon
178.49 180.948 183.84 186.207 1980.23 182.217 195.085 196.967 200.592 222.018
104 105 106 107 108 109 110 111 112 117 118
Rf Db Sg Bh Hs Mt Ds Rg Cn H F m ! Og
Rutherfordium  Dubnium Seaborgium Bohrium Hassium Meitnerium  Darmstadtium Roentgenium Copernicium i learmorlum Og
[261] [262] [266] [264] [269] [278] [281] [280] [285] [ [204]

57 58 59 64 65 66 67 68 69 70 71
Lanthanide La Ce Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb Lu

Lanthanum Cerium P Pi Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144 243 144.913 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
Actinide
Serles
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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 beam - 36000 m/s
Transactinides are short-lived with lifetimes of minutes or less

—

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

Up & Coming Techniques:
« Laser spectroscopy —
 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

e Os and Ru both known to form

volitale tetroxides in the presence of ﬁ ,8h
oxygen and heat Os—
| | - o \\*;-o 26
Rotating B&&M Does hassium also form volatile Fe
Taraet tetroxides? ﬁ on_
Ru 44
o X0 Ru
O Ruthenium
101.07
‘o
Helium + S
o> mOxygen gas 20° C-—Temperature —-176" C Osmium
® I — ) 108
Hs
Hassium
PIN Diode Detectors [269]

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

* Os and Ru both known to form
volitale tetroxides in the presence of

~Hassium |
oxygen and heat
504 ° - {-40
- . ' ' | <. | | Osmium 1.
Rotating Beam Does hassium also form volatile o 1o

Relative yield (%)
W
o

N
o
1 N 1

* Observed 7 decays of hassium in the

PIN diode detectors o] I
0'-1 > 3 4 5 6 7 '8_\9_ 10 11 1\2-_180

Detector number

) Helium +

I Oxygengas 20  C —Temperature —-176" C
@ —

PIN Diode Detectors

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]

% U.S. DEPARTMENT OF Oﬁ:lce of

%) ENERGY | 77 July 12, 2023



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)

COMPACT | (IC) :CO

MPACT Il (TON]

b)  Pb:-AH “Y >285 kd/mol

C)

Hg: -AH 2% 198 kJ/mol

) Rn:-AH @ 98 ky/mol

€)

E114: -AH 24 >48 kd/mol

f Cn:-AH 2% 52 kJ/mol

-Il
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 |
1 2 g') 0 .
H He =~ _50 a.) -
3| 4 5 6|78 910 2 100 .
Li | Be B | C|NJO | F |[Ne © -150 { COMPACT | (IC) :COMPACT Il (TC :
11 12 13 14_1 15 16 17 18 = A :
Na | Mg Al si | P s |cl|A _ 2049  Pb:-AH 2 285 kd/mol
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: -AH 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:-AH % 198 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: -AH Au >48 kJ/mol S
I : ; )
E112 Exhibits noble gas-like |; ; || A
. 1 = M M ' M M (D)
behavior and does not form 0l Cni-aH 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

8 38 E——=_ T 1 T T
[¢]
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o -60 -
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O -120- —
— - 87,88 0 '

0]l T Exp. Mo [%]
{| ——MCs [%],""Mo, aH__ =-50 kJ/mol

—_ -
S 197 = —wmcs ), *Mo AH_, =-50 kJ/mol
_;l-)_)' 0 : . ; r T —#_"
O 204 T Exp. "W [%]
- {| ——MCS [%], AH__=-49 kJ/mol

a_) 1 O - aas

e )
E 10 o ) . I !
Q b [ Exp. **°Sg [counts]
> 101 Exp. uncorrelated SF [counts]

5+ MCS [%], AH_, =-50 kJ/mol
O v ] v ]
0 5 10 15 20

Detector No.

25

30

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 =» How
much energy is required
to remove electron from
an element

lonization energy: 1st

@) ENERGY | e July 12, 2023



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) :_ _______ _ -
1 + Nexp ( 1) [ IeedL1) 7| 143
kT - = (33 4)% e
5 142/143Eu
g e
3 10k : ) =
¢ = material dependent work function L
| "
= | 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)
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=
S
-
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Measured No and Lr ionization
potentials

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

Confirmed that No closes out
the actinide series

% U.S. DEPARTMENT OF Office of
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Bk Cf Es Fm Md No Lr

\J

(&)
1] 1 L] Ll L T

fill-up in
5f orbitals

" Actinides % -

ane®
an®
s

1- No: [Rn]5f*47s?

"full-filled 5f-shell"

Lr: [Rn]5f7s%7py)
i "loosely-bound
7P, electron”

Tb Dy Ho Er Tm Yb Lu

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. A, 944 (2015) 471: https://doi.org/10.1016/j.nuclphysa.2015.09.009
Block, M. La Rivista del Nuovo Cimento 45 (2022) 279: https://doi.org/10.1007/s40766-022-00030-5
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v Series 1
031 = Series 2
= @ Series 3
< 024 (a)
g 017 i '
Measured atomic levels of - 1 I’
254 . e 23,000 23,100 23,200 23,300 23,400 23,500 23,600
No — Identified .30 Wavenumber, 5 ()
Rydberg states — highly
excited electronic states of 0041 (v) -
an atom L 1l >
€ 002 %'} < o
8 8
SN
0.0 {144 _ ) . 0.0 - : . '
23,112 23,115 23,118 0 200 400 600
Wavenumber, ¥, (cm) Delay time, t, (ns)

Chhetri, P. Phys. Rev. Lett. 120 (2018) 263003: https://doi.org/10.1103/PhysRevLett.120.263003
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252,253,254\ g = strong quadrupole

Deformation parameter B2 N 0.26 ]
for even-even isotopes A 0.24-
0.22 -
0.20
g 0.12-
g
Relative depth of central & 0104 o ::L“ (éjgg]) ]
depression: Y o ——Pu (z=04) | -
S o) 7 ety rAR

Laser Spectroscopy of Nobelium

0.28

136 138 140 142 144 146 148 150 152 154
Neutron number

deformation with central depression
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Raeder, S. Phys. Rev. Lett. 120 (2018) 232503: https://doi.org/10.1103/PhysRevl ett.120.232503
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Chemistry with Mass Measurements
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BGS + FIONA: The Concept

Berkeley Gas-filled Shielding Wall
hSepaIrator _ Acceleration allow detection in Trochoid
Produce eflv]y e erk?ent |sotgpes, Region low-background Spectrometer
separate from beam an re-accelerate ions to environment disperse products
other nuclear reaction products P P
<10 kV and transtfe by A/q

mass analyz

- I;'.'L |.) I I I ' t1||||w;.|
II i

/ l
RF Gas Catcher RF Quadrupole Trap Detector Station
stop ions He gas, bunch and cool ions, AZ from a-decay
RF and DC E-fields Add in reactive gasses and mass from x-position
direct ions to an exit perform chemistry lifetime from y-position

orifice
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Other Fun Nobelium Complexes

Observed nobelium with 1-5 waters
Hints of small amounts of nobelium with mixtures of H,O, OH and O

[No(OH,)]** [No(OH;)1** [No(OH;)3]** [No(OH;)4]%* [No(OH,)s]%* [No(OH;)6]* *
a 150
ﬁ 100 1
c
3 50-
i |
0_ - = g —n _ll v . 1 Y ’ ’ g ’
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
X strip X strip x strip X strip X strip X strip
And Nobelium with 1-3 N, or CO
[NoN,]?* [No(N3),]** [No(N;)3]?* [No(N3)a]?* [No(N2)]*

25
o
£ 201
ﬁ 15
S 10-
@]
(&) 5<

% 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
X strip X strip x strip X strip x strip
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Where do we go from
here?

'W\I a.g ENERGY| July 12, 2023



Types of Fusion Reactions

Hot Fusion Cold Fusion
« Fusion of light ion beams (120, 2°Ne, « Fusion of transition metals (*8Ca, °°Ti,
40Ar, 48Ca) with actinide targets S4Cr, etc) with Pb or Bi targets
Mg ?*®Cm fusion 214s 200.2701g 58k 208py, Fusion 266145 26545
¢ W § 109 O @
ll:;ig:tiles on taraet 1 at’om g)rgjgctiles ondergel L aTom

Excitation energy for a reaction:

x _
E” =Eqm — (mbeam T Megrget — mPTOduCt)
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Types of Fusion Reactions

Hot Fusion Cold Fusion
« Fusion of light ion beams (120, 2°Ne, « Fusion of transition metals (*8Ca, °°Ti,
40Ar, 48Ca) with actinide targets S4Cr, etc) with Pb or Bi targets
Mg ?*®Cm fusion 214s 200.2701g 58k 208py, Fusion 266145 26545
=6 0O § 0 9O @
ll:;ig:tiles on taraet 1 at’om g)rgjgziles oniargel L aTom
Bass barrier = 125 MeV E_, Bass barrier = 225 MeV E_,
E*= 40 MeV E'=10 MeV

. } ENERGY Office of July 12, 2023



Chart of the Nuclides: 2000

Decay Mode

. Spontaneous Fission
. Electron Capture or g* ) ]
Cold Fusion Region

N>

|l effects from Sobiczewski et al: Phys. Rev. C 63 (2001) 034306

Hot Fusion Region
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Discovery of Elements: Pre 2000

10? o L L L L s

A 6 Cold Fusion Reaction Two main types of reactions used for
10° éﬁ A Hot Fusion Reactions heavy element synthesis:
A . iy .
108 A§  Cold Fusion: transition metals (Ti-
5 10" §‘ Zn) on Lead and Bismuth targets
c AA:  Hot Fusion: light ions (O-Ar) on
2 R actinide targets
B 107 “ §
@ o
O
= 10’ 20 o
o
-1
10 o
10-2 M T R S S S [ T T S S I S S T S R T S S
95 100 105 110 115 120

Atomic Number
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Discovery of Elements: Pre 2000

10’ s+ ' " r - 1T r . .
A o Cold Fusion Reaction Two main types of reactions used for

10° A Hot Fusion Reactions heavy element synthesis:

10° « Cold Fusion: transition metals (Ti-
= . Zn) on Lead and Bismuth targets
Q 10
= « Hot Fusion: light ions (O-Ar) on
2 actinide targets
b 107
')
S 1o
= 10

10™

10-2 M U N S S S A I T T S T SN T S S T R T T T

95 100 105 110 115 120

Atomic Number
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Discovery of Elements 2000-2010

10? v v ' | v ' v | v ' v v | v o v | v v ' v
A © Cold Fusion Reaction Superheavy Elements from
10° & A Hot Fusion Reactions “8CatActinide targets:
A o “®Ca Reactions : : :

10° § « Cross sections increase with
5 104 g E114>E112>E110
D- -
c A » Cross sections peaked Z~114-
o 10
= 115
» 107
7))
S 4o
5 10

10° One atom per week

-1
10 o
10-2 MR RS S T R T S S R S T S S E SRR
95 100 105 110 115 120

Atomic Number
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Chart of the Nuclides: 2019

Decay Mode

209¢f 2006  CEIIN

. Spontaneous Fission
T
. Electron Capture or g* 248Cm 2001 .==
Alph ’
“a EEEEE 2Am, 2004
244py, 2000 EDHHEEE

2498k, 2010

B [DaEEEln
H DOEEEEE
H B CEEEEN
HEEE B OE BN
Il 0 B HEE B
Ll EEEEEEE B B/n
CEEE BEEE = B B
EEEEEEENEEE B =
LA EEEEEESE §EEE =
LEEESEEEEEEE B b= N
ODESEEEEEEEn =

Shell effects from Sobiczewski et al: Phys. Rev. C 63 (2001) 034306
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Cross section (pb)
3 3 3 3 3

—
Q

Discovery of Elements: Post 2010

— 1 r- 1" 1r
A O Cold Fusion Reaction
ﬁ A Hot Fusion Reactions
Ra o “%Ca Reactions
O AA%
i,
Aat
aRg
o
Ro o ol
A O
o
PR P P P P 1
95 100 105 110 115 120

Atomic Number
Office of

All reaction mechanisms =» cross
sections dropping for new
discoveries

One atom per week
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Option 1: Change Beam

Heaviest available target material: Californium

249ES
1.7 hr

ZSOES
8.6 hr

251Es
33 hr

252Eg
472 d

253Eg | 254Eg
20d | 275d

2480 f
333d

249Cf
350 yr

250Cf
13 yr

251Cf
898 yr

252Cf
2.6 yr

48Ca+Cf = Element 118

Question: How can we make elements heavier than E118?

E119 or E120 =» Switch to °°Ti beam (or higher Z)

,""e“ U.S. DEPARTMENT OF

Office of

BERKELEY LAB

+Us ENERGY
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Question: What
does that do to the
Cross section?
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Experimental Attempts Z>118

Multiple attempts have been made to push towards heavier elements

Most have not pushed much past cross sections observed with “Ca+Actinides

Beam | Target | CN Cross Separator | Ref.
section

130Xe 1%Xe  #'*Hs <4 pb Chem  Oganessian: PRC 79 (2009) 024608

244py  S8Fe 392120 2.5 <0.7pb DGFRS Oganessian: PRC 79 (2009) 024603

238y  64Nj %2120 1-2 <0.094pb  SHIP  Hofmann: GSI Scientific Report (2008) NUSTAR-SHE-01
238y  70Zn 308122 1-2 <7.2pb SHIP  Hofmann: EPJA 14 (2002) 147

249Cf S0T) 299120 3-4 <0.2pb TASCA Khuyagbaatar: PRC 102 (2020) 064602.

249Bk 50T 299119 3-4 <0.65 pb TASCA Khuyagbaatar: PRC 102 (2020) 064602.

248Cm  54Cr 302120 3-4 <0.58 pb SHIP  Hofmann: EPJA 52 (2016) 180
248Cm 51\/ 299119 GARIS  Ongoing Experiment

U.S. DEPARTMENT OF Oﬁ‘-lce Of
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50T| Beams

Theoretical predictions say
50T} beams ~10x lower
cross section than #¢Ca

beams

U.S. DEPARTMENT OF

J; ENERGY

Ti beam:

TAS CA (October, 2012)

TAS CA (August, 2011)

Cr beam:

50Tj + 2498k — 299119
c~50fb

e 50T +249¢f — 2991 29
® Se c-~40fb
N

SHIP (May, 2011)

54CI‘ + 24BCm - 3021 20

c-~251

0.1k

(pb)

0.01 |

cross section

0.001 |-

Illlll,lllIIIIIl\IIlII}II lovvvvianah iy LMy ‘llllllldlllllll\lllllllll
30 40 50 30 40 50 30 40 50

E* (MeV) E* (MeV) E* (MeV)

0.0001

Cross section predictions for production of E119,
E120 with °0Ti and >*Cr

Zagrebaev, V.I. Nucl. Phys. A 944 (2015) 275: https://doi.org/10.1016/j.nuclphysa.2015.02.010
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50T| Beams

What does experiment say?
* No one has measured #8Ca vs °°Ti superheavy element cross sections
« Test case: 48Ca,*’Ti on lanthanide targets = lose x10

102-: 102'5
1 1 a4 1 48 182 107
Ca+ "Th Ca+ "Dy

10"

o

—

=]
(]
b

rs
MAI_ -+ 'IJ'Ele ! P
“en+¥Zr % ¢
Le

2
'S

Maximum g, or g, . (mb)

<

1 Z ' ' —— Theory excluding CELD
a b c
1.&-2 [ _} — 10-3 { .} — { ? — 1011 - =r Thecw Ir‘il:|l..|l:|ll'l!§l CELD
40 50 60 40 50 60 40 50 60 ' ' T ' ' : 1 ' ' 1
m[M eV) E::H_M{M eV) -2 =1 ] 1 2 3 4 5 6 7
B,— S (MeV)

Mayorov, D.A. Phys. Rev. C 92 (2015) 054601.: https://doi.org/10.1103/PhysRevC.92.054601
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All known superheavy elements lie
north of the line of beta stability and
are approaching the proton-drip line

-~ 120 All nuclei above Fm
/

are neutron deficient 1 .
. '\\\\\ é

-
-
-

number of protons
I 1
]

)oj.x

-
"

100

Compound nucleus reactions =»
limited (n0) opportunities to

increase neutron number Y s 0 " :
- 60 %0,: 5 ,\00 ‘Qw;'* TZI-
L 2 g® 4
Can multinucleon transfer reactions .. o P g
. . and only 5 isotopes of platinum (Z = 78).
push towards more n-rich isotopes
and heavier elements? L 20
| number of neutrons
20 40 60 80 100 120 140 160 180

Zagrebaev, V.I. Nucl. Phys. A 944 (2015) 275: https://doi.org/10.1016/j.nuclphysa.2015.02.010
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Question: Are there other
ways of making SHE beyond
compound-nucleus reactions?

1 {7} ENERGY | oo July 12, 2023



All known superheavy elements lie
north of the line of beta stability and
are approaching the proton-drip line

-~ 120 All nuclei above Fm
/

are neutron deficient 1 .
. '\\\\\ é

-
-
-

number of protons
I 1
]

)oj.x

-
"

100

Compound nucleus reactions =»
limited (n0) opportunities to

increase neutron number Y s 0 " :
- 60 %0,: 5 ,\00 ‘Qw;'* TZI-
L 2 g® 4
Can multinucleon transfer reactions .. o P g
. . and only 5 isotopes of platinum (Z = 78).
push towards more n-rich isotopes
and heavier elements? L 20
| number of neutrons
20 40 60 80 100 120 140 160 180

Zagrebaev, V.I. Nucl. Phys. A 944 (2015) 275: https://doi.org/10.1016/j.nuclphysa.2015.02.010
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Can multinucleon transfer reactions push 10 primary fagments
towards more n-rich isotopes and heavier 2

elements? =

Theoretical predictions of MNT from two °

different systems

Multinucleon Transfer Reactions

210 220 230 240 250 260 270 280 290
mass number

s (b)
£ 105f ' Ca Cm U
= ! .
: > 10 ub
§ 100: 2
S 95
[ ; Se( 88 Pb Pb
90F
F208
85 Ph
805— 2387y + 248 Cm, 780 MeV “symmetrizing” “anti-symmetrizing”
e Tt a0 88 ooy o onsgnll sisos ¢ v ov sl v et oo Joves (normal) (inverse)
1 20 1 30 1 40 1 50 1 60 1 70 1 80 quasi-fission quasi-fission

neutron number _ _
Zagrebaev, V.I. Nucl. Phys. A 944 (2015) 275: https://doi.org/10.1016/j.nuclphysa.2015.02.010
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cross section (ub)

Multinucleon Transfer Reactions

Theoretical isotopic yields of fermium nuclei in collisions of 232Th with 238U, 2*4Pu and 248Cm

 Difficult experimentally: n-rich = beta decay
formation of Fm isotopes .-~ e
1000 I N (a)
7 primary w0
100F o fragments W\
1 O é- /' o"' ‘ "'0 ““:\:::“‘
1‘ ' o
2327y +2480m
>E 232y 4 24py
L 232 238
IlIIlIIIIIIlIIIIlIIIIIIIIlIIlIIIIllll
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2
—
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1074
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1076

= (b)
z=100/ 5 238y +248Cm
AR\ Ep=770 MeV
102._. '0
104 X

106 .

J 108 —
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mass number

Zagrebaev, V.I. Nucl. Phys. A 944 (2015) 275: https://doi.org/10.1016/j.nuclphysa.2015.02.010
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Multinucleon Transfer Reactions

radio-chemical experiment:
W. Loveland, 2010
/

Comparisons between _"199F s,
theory and experimentin & [ Y
) - - T gain owing to
rare-earth region g 10p shell effects
. | 1604 + 186y
s 4L E, =462 MeV
g o no shell effects}

fragment mass number

Zagrebaev, V.I. Nucl. Phys. A 944 (2015) 275: https://doi.org/10.1016/j.nuclphysa.2015.02.010
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How heavy can we
go?
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How heavy can we go?

Protons Neutrons

. :
N=184
O

(¢}

N=176

1.0

o

|
(&)]

« Theoretical predictions of neutron and
proton densities in Oganesson isotopes

o

z (fm)
o

« Predict region of lower proton density in
center of most isotopes -

(&)

6]

0.0

N=208

o

|
&)

Nazarewicz, Nature Phys. 14 (2018) 537: https://doi.org/10.1038/s41567-018-0163-3
$7= %%, U.S. DEPARTMENT OF Offi f
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How heavy can we go?

10 |

z (fm)

Theory suggests that nuclei with a
sufficiently large number of nucleons
(A=450) may exist in the form of
spherical bubbles

Deformation energy (MeV)

o0 -04 -0.2 0.0 0.2 0.4
Yu, Y. Phys. Rev. Lett. 84 (2000) 412: https://doi.org/10.1103/PhysRevl ett.84.412 Quadrupole deformation j3,
Dietrich, K. Phys. Rev. Lett 80 1998) 37: https://doi.org/10.1103/PhysRevLett.80.37

Nazarewicz, Nucl. Phys. A 701 (2002) 165: https://doi.org/10.1016/S0375-9474(01)01567-6

Dechargé, J. Phys. Lett. B 451 (1999) 274: https://doi.org/10.1016/S0370-2693(99)00225-7
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Summary and Conclusions

Superheavy elements are fun

Lecture 1: Why superheavy elements exist,
why study superheavy elements

Lecture 2: How superheavy elements are
made

Lecture 3: Properties of superheavy
elements and future of superheavy
elements
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