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What are Superheavy Elements?

Chart of Known Nuclides

Lead Z=82 - -

Number of protons (2)

A 4

Number of neutrons (N)

Diagram adapted from Karlsruhe Nuclide Chart - New 10th edition 2018 [1]
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What are Superheavy Elements?

Chart of Known Nuclides

Number of protons (2)
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Stability explainable through
quantum effects only !
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Number of neutrons (N)

Diagram adapted from Karlsruhe Nuclide Chart - New 10th edition 2018 [1]
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Why Study Superheavy Elements?

Diagram adapted from Nilsson et al. (1969) [2]

Reason 1: To refine our understanding of nuclear structure by the finding the next shell gaps!

2h
Pt 1E R
N=7 - N 2h11/2,.
< e ——— 1i13/2
N ) "
S ’
Y prie = a7y 451/2
, 31? ok 3d3/2 59712
K2 5 N 3d5/2t
N=6 % -~ g 1152 91172
~ ; 299/2
—r @
———
3p ~ 3p1/2
P = 2f5/2
» o S 3p32 -
A af  re 1i1372
N=5 2 ~ e — 1h9/2
—-a 3 Ve 20712
T 1
S
3¢ & 1h1v/2_

Shell model — spherical gaps

Linda Muller | M2 PSA |

Internship Defense 2024 | Exploration of the Island of Stability | 20t of June 2024

2 |




Why Study Superheavy Elements?

Diagram adapted from Nilsson et al. (1969) [2]

Diagram adapted from Piot Julien, Thesis (2010) [3]

Reason 1: To refine our understanding of nuclear structure by the finding the next shell gaps!
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Why Study Superheavy Elements?

Diagram adapted from Nilsson et al. (1969) [2]

Diagram adapted from Piot Julien, Thesis (2010) [3]

Reason 1: To refine our understanding of nuclear structure by the finding the next shell gaps!
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can find the next spherical gaps.
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The next island of stability

Diagram adapted from Karlsruhe Nuclide Chart — New 10th edition 2018 [1]
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The next island of stability

Diagram adapted from Karlsruhe Nuclide Chart — New 10th edition 2018 [1]
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Why Study Superheavy Elements? Another Motivation

Reason 2: To refine our understanding of atomic structure by studying the chemical properties of new elements!

Z =118 complete the 7t period of the periodic table of
elements and fits into the noble gas column. However...

p-fahells .

GDCh
<~

Communications

Oganesson

e
Chemie

How to cite: Angew. Chem. Int. Ed. 2020, 59, 23636—23640
doi.org/10.1002/anie.202011976
doi.org/10.1002/ange.202011976

International Edition:
German Edition:

Oganesson: A Noble Gas Element That Is Neither Noble Nor a Gas
Odile R. Smits,* Jan-Michael Mewes,* Paul Jerabek,* and Peter Schwerdtfeger*

Abstract: Oganesson (Og) is the last entry into the Periodic
Table completing the seventh period of elements and group 18
of the noble gases. Only five atoms of Og have been
successfully produced in nuclear collision experiments, with
an estimate half-life for 2340g of 0.69'0% ms.!" With such
a short lifetime, chemical and physical properties inevitably
have to come from accurate relativistic quantum theory. Here,
we employ two complementary computational approaches,
namely parallel tempering Monte-Carlo (PTMC) simulations
and first-principles thermodynamic integration (TI), both
calibrated against a highly accurate coupled-cluster reference
to pin-down the melting and boiling points of this super-heavy
element. In excellent agreement, these approaches show Og to
be a solid at ambient conditions with a melting point of
~325 K. In contrast, calculations in the nonrelativistic limit
reveal a melting point for Og of 220 K, suggesting a gaseous
state as expected for a typical noble gas element. Accordingly,
relativistic effects shift the solid-to-liquid phase transition by
about 100 K.

due to strong relativistic effects.*'"! For example Cn and FI
are predicted to be chemically inert™'"? due to the
relativistic 7s shell contraction for Cn and the large spin-
orbit splitting of the 7p shell, resulting in a closed 7p,,, shell
for FL

In contrast to all other noble-gas solids, Og was recently
predicted to be a semiconductor.” Further, the electron
localization function for the Og atom shows a uniform
clectron-gas-like behavior in the valence region, accompa-
nied by a large dipole polarizability.”™ These findings indicate
that for the interaction between Og atoms, 3-body effects
might become more important than for the lighter noble
gases. Indeed, this was recently confirmed by calculations,
which also revealed a stark increase in the many-body
interaction due to relativistic cffects.”! Based on such
a many body expansions derived rigorously from relativistic
coupled cluster theory, the melting temperature of the noble
gases from Ne to Rn were obtained through parallel temper-
ing Monte Carlo (PTMC), resulting in deviations of not more

Article from Smits et al. (2020) [5]

Transactinides

Figure from Benoit Gall, private communication.

New electron shell
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Experimental Challenges for Synthesizing SHE

Challenge n°1 - Exceedingly small cross-sections Figure from S. Hofmann (2015) [6]

1 Ll 1 1 I L] 1 1 I 1 | 1 I g 0 1 T

a)

i
o
-~

-——t
o
ﬂﬂ'ﬁrn‘—lﬂ'rrm‘ nnmrl llnn'nl lll"n‘ lIl"mﬂ‘ Ill]ﬂ'l'l'l IIIII“‘ Trorm

Cold fusion:
208Pp and 299Bi targets

-
(&)
»

4BCa

"
o
(&)

-l
o
RSN

=
o
w

Cross-section / pb
=

-
(=)
o

Py
=,
=

1072

lllllllllllllllllll

105 110 15 120
Proton number (CN)

1073
10

o

[ Linda Muller | M2 PSA | Internship Defense 2024 | Exploration of the Island of Stability | 20t of June 2024 5 ]




Experimental Challenges for Synthesizing SHE

Challenge n°1 - Exceedingly small cross-sections Figure from S. Hofmann (2015) [6]
107

1 Ll 1 1 I 1 1 1 1 I 1 1 1 1 I 1 L] 1 I
a)

Cold fusion
208Pp and 299Bi targets

106

Example: Z = 113 (Nihonium)

48Ca

10°

Cross-Section ~ 20 fb 104

Atoms produced: 3 103

Cumulated Beam Time ~ 3 years

lll"1 lIlllﬂ'1_rrTTm1 lll]ﬂ'l'l'l lllllﬂ" rrorm

.
o

Cumulated Dose ~ 10 particles

Cross-section / pb
=

-
o
o

~20 fb

N
=
N

>
B BELEALL BRERRLLL BRI B

llllllllllll lllllli

105 110 115 120
Proton number (CN)

—_—
o
= W
o
S

[ Linda Muller | M2 PSA | Internship Defense 2024 | Exploration of the Island of Stability | 20t of June 2024 5 ]




Experimental Challenges for Synthesizing SHE

Challenge n°2 - Targets

~ 3 x 103 particles per second

~2cm2
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Experimental Challenges for Synthesizing SHE

Challenge n°2 - Targets Melting from extreme temperatures!

Solution: rotating wheel inside a gas
to help with heat dissipation

~ 3 x 10"3 particles per second

/
~ 2000 rpm
(rotations per minute)

~2cm2

Fig. 17 Photograph of the rotating wheel with sixteen 2*3Cm sector
targets in the semiclosed inner-target box. The cover plate of the inner-

target box is removed to display the interior
Photograph from Sakai et al. (2022) [7]
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RIKEN Experimental Setup for Synthesizing SHE
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Figure from Olivier Dorvaux, private communication.
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RIKEN Experimental Setup for Synthesizing SHE
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Diagram from Kaji et al. (2013) [8]
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RIKEN Experimental Setup for Synthesizing SHE

-~ e
,,/’, €’V\/\/\/ -
N g
) Ve >
@ E
o ok s
‘O‘ ,/’ (T)
9‘0 ,,/ _ g
e
G p Y
Focal plane
. \_'_l \ Y J \ )
S Py
o* J FI”L‘te ?fF Double-sided
> 8ht(ToF)  siiicon Strip Detector
Detector
______ Detector (DSSD)
Incoming Reaction -~ DSSD Side View
heavy products _ D2
ion beam [ . i
~ o~ o . A Q.
= ¢ L. T~ | s
S~ [7)
L - Q3 - *~ ~
| << ™
— Q2 Ll
= (@)
@®©
Q 1 Beam envelope of \ v o
Target D1 evaporation resides (frOnt) 64
Ibs

Diagram from Kaji et al. (2013) [8]

[ Linda Muller | M2 PSA | Internship Defense 2024 | Exploration of the Island of Stability | 20t of June 2024




RIKEN - Data Acquisition Chain
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RIKEN - Data Acquisition Chain
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Calibration Results

Calibrated DSSD Front Side
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Data Selection - Veto Detector
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Data Selection - Veto Detector
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Time-of-Flight Detector

Data Selection - QDC (Charge-to-Digital Converter)

GARIS-II, I

Fig. 11 FPD system of GARIS-III
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Data Selection - QDC (Charge-to-Digital Converter)
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The QDC gives us insights about many different physical phenomena that occur inside the DSSD.
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Data Selection - ToF (Time-to-Flight)

Time-of-Flight Detector
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Data Selection - ToF (Time-to-Flight)
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How do | identify an implanted nucleus?

=
2 [~
> w T ~ ~— ~
2 B8 1-4447T1---
1) >r\<J - Bl N - Event Type VETO QDC Energy-vs-ToF
9) 3 J T14- N Ts< Recoil Events Untriggered Above threshold Inside red dashed lines
8 3 “14- - S~o Decay Events Untriggered Underneath threshold Not applicable
TS~ Electronic noise band Light particles
= Parasite Events CeLTOmC Hotse band L Outside red dashed lines
Bragg peaks Diffused beam
64)(2 Mm Table 4.1: Summary of event identification criteria using VETO, QDC, and energy-vs-ToF
filters.
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Method:

1) Select an event fulfilling recoil criteria

How do | identify an implanted nucleus?
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2 "~
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1) >r\<) - Bl N - Event Type VETO QDC Energy-vs-ToF
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How do | identify an implanted nucleus?
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How do | identify an implanted nucleus?

Method:
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How do | identify an implanted nucleus?

Method:
1) Select an event fulfilling recoil criteria

3) Wait for an alpha decay inside the same pixel
4) Subtract decay event and recoil event timestamps
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How do | identify an implanted nucleus?

Method:
1) Select an event fulfilling recoil criteria

3) Wait for an alpha decay inside the same pixel
4) Subtract decay event and recoil event timestamps
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Photograph: LINAC at the Nishina Center for Accelerator Based Science (link)


https://www.nishina.riken.jp/researcher/archive/photo_e.html

Plotting an Excitation Function

The reaction | studied was T9AT + “95Pb — 555Fm * — “*5 SFm 4 xn for six different beam energies.
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Plotting an Excitation Function

The reaction | studied was T9AT + “95Pb —

248

Toofmx* —

248—x

100F'm + xn for six different beam energies.

Channel | Isotope E,., E,, Fission Fragments | Half-Life | Log,(Half-Life)
4n 244Fm X X Yes 3.12 ms 18.25
3n 245Fm | 8.150 MeV X No 4.2's 28.65
2n 246Fm | 8.198 MeV | 8.242 MeV Yes 1.54 s 27.20

What | am looking for

|

What | use to find it
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Plotting an Excitation Function: (1) Identifying 246Fm a decays
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Plotting an Excitation Function: (1) Identifying 246Fm a decays
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Plotting an Excitation Function: (1) Identifying 246Fm a decays
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Plotting an Excitation Function: (1) Identifying 246Fm a decays
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Plotting an Excitation Function: (1) Identifying 246Fm a decays
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Plotting an Excitation Function: (2) Identifying 246Fm Fission Fragments
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Plotting an Excitation Function: Example for 246Fm
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Plotting an Excitation Function
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Plotting an Excitation Function: Computing the Experimental Cross-Section

Results for all beam energies and all evaporation channels

Epeam(MeV) | E* (MeV) 244 245Fm 246 Fm

Npp | ANgp | N, | AN, Ngr|ANpr| No @ AN,
197 34.71 38 | 6.16 | 1133.75 | 33.67 1 1 24 | 4.90
200 37.23 54 | 7.35 86 | 927 1 1 12 3.46
203 39.75 | 297 | 17.23 | 106.31 | 10.31 = 1 1 10 @ 3.16
194 32.20 2 | 141 | 1352813678 6 | 245 38 | 6.16
191 29.67 1 1 655.15 | 25.60 | 23 | 4.80 | 149.66 @ 12.23
185 24.65 1 1 48 | 6.93 23 | 480 | 2188 | 14.80

(cross-section)

Table 7: Detected Isotopes

o

"~ dose X ¢ X £ (detection efficiency)

Linda Muller |
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Plotting an Excitation Function: Final Result

Eheam(MeV)  E* (MeV) 244Fm 245Fm 246Fm

Nrp | ANprp || No | AN\ Nrr | ANpr | N, | AN,
197 34.71 38 | 6.16 | 1133.75 | 33.67ff 1 1 24 | 4.90
200 37.23 54 | 7.35 86 927l 1 1 12 3.46
203 39.75 297 | 17.23 || 106.31 | 10.31ff 1 1 10 | 3.16
194 32.20 2 1.41 || 1352.81 | 36.78)| 6 2.45 38 6.16
191 29.67 1 1 655.15 | 25.60)f 23 | 4.80 | 149.66 | 12.23
185 24.65 1 1 48 6.93| 23 | 4.80 | 2188 | 14.80

Excitation function for the 2°8Pb(4°Ar,xn)248-XFm reaction
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Photograph: LINAC at the Nishina Center for Accelerator Based Science (link)


https://www.nishina.riken.jp/researcher/archive/photo_e.html

Identifying Rare Event Decay Chains

The reaction | studied was E%V + Zggpb — %gng * —> 25916ng + XN (for a single beam energy)
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Identifying Rare Event Decay Chains

The reaction | studied was E%V + Zggpb — %(S)CS)Db * —> 25916ng + XN (for a single beam energy)

Why study this reaction?

This reactions acts as a surrogate for the reaction used to synthesize element 119 for which the data is
confidential. It uses the same beam on a different target and requires the same type of search algorithm.
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Identifying Rare Event Decay Chains

The reaction | studied was E%V + Zggpb — %(S)CS)Db * —> 25916ng + XN (for a single beam energy)

Why study this reaction?

This reactions acts as a surrogate for the reaction used to synthesize element 119 for which the data is
confidential. It uses the same beam on a different target and requires the same type of search algorithm.
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Identifying Rare Event Decay Chains

The reaction | studied was E%V + zggpb — %gng * —> 259163561319 + XN (for a single beam energy)

Channel | Isotope || E,[MeV] || Half-Life | Log,(Half-Life)
8.874
2n 37Db ey 2.3s 27.78
9.066
9.155
9.014
9.089
9.109
- - In 30h 0.134 4.3 s 28.68
9.166
9.196
9.280

9.353

\ J\ )
| |

What | am looking for What | use to find it (?)
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Identifying Rare Event Decay Chains
Energy of the First Emitted Alpha vs Recoil Decay Time

Channel

Isotope

E,[MeV]

Half-Life

Log, (Half-Life)

2n

257Db

8.874
8.965
9.066
9.155

23s

27.78

40

In

258Db

9.014
9.089
9.109
9.134
9.166
9.196
9.280
9.353

43 s

28.68

35§

30

Logz(Tal - Trecoil)
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Identifying Rare Event Decay Chains : Genetic Correlations

Isotope

E,[MeV]

Half-Life

257Db

8.874
8.965
9.066
9.155

2.3 s

253 Lr

8.719

1.42 s

249 Md

8.026

24.8 s

L uleyn Aeoo(

\

258Db

9.014
9.089
9.109
9.134
9.166
9.196
9.280
9.353

4.3 s

|
Z uieyn Aeoo(q

254 Lr

8.408
8.460

13 s

—
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Identifying Rare Event Decay Chains : Genetic Correlations

Genetic Correlation Matrix
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‘ A genetic correlation matrix is a powerful tool extract rare events from an overwhelming background.
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6. Figure References and Links

Photograph: LINAC at the Nishina Center for Accelerator Based Science (link)


https://www.nishina.riken.jp/researcher/archive/photo_e.html

oNishina Center for Accglérator-Basefl S¢

Conclusion & The Future of SHE Physics

The theoretical knowledge | acquired:

* Nuclearreaction mechanisms

* Nuclear structure and stability

Photograph: LINAC at the Nishina Center for Accelerator Based Science (link)
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https://www.nishina.riken.jp/researcher/archive/photo_e.html

Conclusion & The Future of SHE Physics

The theoretical knowledge | acquired:

* Nuclearreaction mechanisms

* Nuclear structure and stability

What | accomplished:

 lcomputed the excitation function of 13Ar + 235Pb and determined which beam energies
favored which evaporation channels.
* |successfully extracted the decay chains of 2>’Db from an overwhelming amount of

background events.
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Photograph: LINAC at the Nishina Center for Accelerator Based Science (link)

oNishina Center for Accglérator-Basefl S¢


https://www.nishina.riken.jp/researcher/archive/photo_e.html

Conclusion & The Future of SHE Physics

The theoretical knowledge | acquired:

* Nuclearreaction mechanisms

* Nuclear structure and stability

What | accomplished:

 lcomputed the excitation function of 13Ar + 235Pb and determined which beam energies
favored which evaporation channels.
* |successfully extracted the decay chains of 2>’Db from an overwhelming amount of

background events.

The future of SHE physics:

* Elements 119 and 120 are being synthesized at RIKEN (Japan) and Berkeley (USA)
laboratories
* Ongoing programs for SHE spectroscopy worldwide (France, Finland, USA, Russta)

* Metallic Beams & target backings are being researched by our colleagues at IPHC! 26

Photograph: LINAC at the Nishina Center for Accelerator Based Science (link)

cNishina Center for Accgi€rator-Baseff Scif
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Backup 1 - “Semibubble” Structure Prediction

protons neutrons

[$;]

o

(2]

‘ IV()

0.0

z (fm)
(e ot

|
at

o t

a

-5 0 5 —5 0 5
2 (fm)

FIG. 3. Proton (left) and neutron (right) densities of **Og (top),
3020g (middle), and 3?°0g (bottom) calculated with SV-min in the
(x,z) plane at y =0. The densities are normalized to the
maximum density. The central depression of the proton density
(semibubble structures) is clearly seen in all three cases. From
Schuetrumpf, Nazarewicz, and Reinhard, 2017.
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Backup 1 - Cross-Section
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Backup 2 - Range-Energy Relation for Alpha Particles in Silicon

RANGE {MICRDNS)

ENERGY {(Mev)

Fie. 1. Rance-enerev relation for alpha narticles in silicon.
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Backup 3 - Genetic Correlations for Z =113

1 Chain no. 1 I

11.1520.07 MeV

11.6820.04 MeV kot 10-:;!:0’ MeV 9084004 MV
PSD ¥ » PSO SF
TENh — "‘RgL‘“‘* opmt *‘“—ﬁ“‘sh > -
04 ms 9.26 ms 716 ms 246% 409s
’ Chain no. 2 I
11.52£0.04 MeV “;:'s!;m MoV 232 Mev 9.7720.04 MeV
| PSD + ASCAPe PSD SF
TINR 4RGS0 2701y 266
493 ms | 343 ms 168s [ 131s 0787s
Chain no. 3 I
11822006 MV 11652006 Moy 10262007 MoV 49950 06 MoV 8.6340.06 MoV 2662006
8Nh = el e Ll R D
274 > |
0.667 ms| RO 5o e L v, Bh 526s Db ! Lr | 3785
Fig. 17: Decay chains attributed to start from *’*Nh [135]
chain 1 chain2 chain 3
Isotope E./MeV T2 E./MeV T2 E,/MeV T,/
113 11.68+0.04  0.344 ms 11.524+0.04 4.93 ms 11.824+0.06 0.667 ms
*TRg 11.15+0.07 9.26 ms 11.314+0.07 34.3 ms 10.654+0.06 9.97 ms
70\t 10,034+0.07 7.16 ms 2.32 (esc) 1.63s 10.26+0.07 444 ms
266Bh 9.08+0.04 247s 9.77+0.04 1.31s 9.3940.06 526
62D sf 40.9 s sf 0.787 s 8.63+0.06 126s
8Ly 8.66+0.06 3.78

Tab. 5: Decay chains observed at GARIS, RIKEN in the reaction "°Zn + 2%°Bi and interpreted to start
from #7113 [135]. 'esc’ denotes that the a particle escaped the stop’ detector and only an energy loss signal
was recorded.
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Backup 4 - DSSD Front Side Saturation

Energy Read on the X Side

E frontEnergy
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Alpha upper limit~ 12 MeV DSSD X Side Energy (keV)

(Reason: 119’s alpha is expected around 12
MeV + no pile-up issue with Fm)

Alpha lower
limit ~ 3.5 MeV
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Backup 4 - Alpha Decay Spectrum
DSSD Energy on the X Side for Internal Events
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