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Superheavy Elements — Current Status
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Superheavy Elements — Key Questions

e Where is the end of the periodic table in atomic number and mass?

e What is the heaviest element that we can synthesize today and in the future?

e What are the properties and boundaries of the predicted “island of stability” for
superheavy elements?

e Can we understand the details of the fission process and competing decay
modes?

e Do superheavy elements exist in the universe, and how are they produced?

e Are there remnants of long-lived superheavy elements on earth?

GSI/HIM: Comprehensive approach to investigate
atomic, chemical, and nuclear properties of SHE
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Have superheavy elements been produced in

nature?
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Unique Combination for SHE Studies i
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Cross Sections for SHE Synthesis
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Requirements — Some Facts and Figures

Beam intensity:
« present: 6 x 102 pps (1uA,) for typical beams “Ca, *°Ti, ...
 future: 6 x 10%3 pps (10uA,) feasible

> need for high power targets

Targets Due to low intensities radioactive beam
« 0.5- intensities not competitive yet!
« abo netries

* Prot 5 Intensity of 10° pps corresponds to

0.5 nug / cm? targets
Recoil separator

« High transmission (for synthesis: short separation time)
« |ow background (beam suppression, shielding of n, vy)

ﬁHELMHOLTZ
| ASSOCIATION =5 ][

— Helmholtz Institute Mainz




Synthesis, separation and identification of SHE

Beam (*8Ca, °UTi) TA sc A

TransActinide Separator
and Chemistry Apparatus

wmwm Particle Detector (a; e7; SF)
Photon Detector (y; X)

Detection of decay chain

288F| Impant
6.5 MeV

242 ms
a 9.98 MeV

130 ms
SF 187+9 MeV chE. Dillmann et al.,

PRL 104 (2010) 252701
s
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How to synthesize element 120?
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Search for Element 119: >Ti+24°Bk D] |
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2012: Search for element 119

50T +249Bk=Element 119

Status of element 119 search campaign in 2012 at GSI:
« beam dose: =3.6:10!° particles

« =40 TB of data (analysis is ongoing)

« Sensitivity =70 fb for one event (preliminary)

« Current status of data analysis yields
no evidence for detection of element 119
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294117: 4 decay chains from DGFRS 2 TASCA chains
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Element 117 among top ten APS news stories 2014

American Physical Society Sites | APS | Journals | PhysicsCentral | Physics

S
p h YS| CS Login Become a Member Contact Us

Publications | Meetings & Events Membership | Policy & Advocacy | Careers in Physics | About APS
Publicafions Home | Publications | APS News | January 2015 (Volume 24, Number 1) | Top Ten Physics News

Journals Stories in 2014
APS News
News Updates Top Ten Physics News Stories in 2014

Issue Archives Every year, APS News looks back to see which physics news stories grabbed the attention of the public. This list is

not necessarily a compilation of the most important advances or discoveries of the year, but rather the ones that
seemed to garner the most headlines and column-inches. In (roughly) chronological order, the top ten physics
Announcements stories of 2014 were:

Features Archives

Element 117

Ununseptium, the placeholder name for element 117, was spotted for an instant in Germany in May. At the GSI
Helmholtz Centre for Heavy lon Research in Darmstadt, scientists bombarded a berkelium target with accelerated
calcium atoms to create the short-lived artificial element. This follows up on an experiment in Russia in 2010 that
first created the element, confirming its existence and likely paving the way for its official inclusion on the periodic
table of the elements. In addition, one of the isotopes of lawrencium discovered in the process had a half-life of
nearly eleven hours, giving physicists hope that experiments might be bringing them close to the hypothesized
shores of the “Island of Stability” for super-heavy elements.

Element 115 fingerprinting was one of the highlights 2013
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Cross Sections for SHE Synthesis
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> future synthesis attempts should be able to
reach 10 fb cross section limit
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Importance of Masses for Z > 100
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high-precision mass measurements provide
e accurate absolute binding energies to map nuclear shell effects
e anchor points to fix decay chains
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= Studies the nuclear structure evolution - binding energy

= Benchmark theoretical nuclear models g,ﬁ;?&&% = == i
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Importance of Masses for Z > 100
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high-precision mass measurements provide
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e anchor points to fix decay chains
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Nuclear Shells: Magic Numbers in SHE?
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Principle of Penning Traps

PENNING trap e Strong homogeneous magnetic field

e Weak electric 3D quadrupole field

oo,

A a

Cyclotron frequency: =—L.

0

axial motion N, cyclotron motion

magnetron motion

L. S. Brown and G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233 ﬁ HELMHOLTZ
G. Gabrielse, Int. J. Mass Spectr. 279, (2009 ) 107 (associarion [ Eom B
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Direct mass measurements with SHIPTRAP

120: 206pp(48Ca,2n)252No 209Bj(48Ca,2n)255Lr
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M. Block et al., Nature 463, 785 (2010), M. Dworschak et al., Phys. Rev. C 81, 064312 (2010)
E. Minaya Ramirez et al., Science 337, 1183 (2012)




Masses of even-even N-Z =48 and N -Z = 50 Nuclei
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SHIPTRAP: Probing the Strength of Shell Effects

Direct Mapping of Nuclear Shell
Effects in the Heaviest Elements

E. Minaya Ramirez,*? D. Ackermann,? K. Blaum,>** M. Block,* C. Droese,” Ch. E. Diillmann,®%*
M. Dworschak,? M. Eibach,”® S. Eliseev,? E. Haettner,®’ F. Herfurth,® F. P. HeRberger,??*

S. Hofmann,? ]. Ketelaer,> G. Marx,® M. Mazzocco,® D. Nesterenko,’ Yu. N. Novikov,” W. R. PlaB,*’

D. Rodriguez, ™ C. Scheidenberger,”” L. Schweikhard,” P. G. Thirolf,** C. Weber'*

5n(N,Z) = 2B(N,Z) - B(N-2,) = B(N+2,2)
4+ No

Experimental

1200 m /' '\ Muntian (mic-mac)
g 1000 - / ) /' - _ Z=114 N=184
— 800 —- : .
T T NV T | Méller FRDM
5 . 7=114 N=184
400 -
200 - TW-99
.- Z=120 N=172
00 148 150 152 154 156 158 SkM*

Science 337 (2012) 1207 Z=126 N=184
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Laser Spectroscopy of the Heaviest Elements

Methods: Search for atomic hyperfine Measurement of
] levels spectroscopy isotopic shifts
relativistic and Nuclear changes in mean
Motivation: QED effects moments & square charge radii
spins
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Counts

'\
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> 0<r2>
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[sotope 2 E (I=0)
% | .
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Search for Atomic Transitions Nobelium

Theoretical predictions for the 1S,-1P,- transition in the element nobelium

(Z=102)
7.5 -60
1 @

%) 6.0- 50
~~ ] Vz’
a : k2=351nm 40
=45
e lg_ 1o o |
Q | ——— ] P1 -30
C 304 @ i D
-8 ] - 20
s v,
e 2,=322-3850m |10
() _ 18

0.0 0 lo

[1],[2]: S. Fritzsche, Eur. Phys. J. D 33 (2005) 15

[3]: A. Borschevsky et al., Phys. Rev. A 75 (2007) 042514
[4]: Y. Liu et al., Phys. Rev. A 76 (2007) 062503

[5]: P. Indelicato et al., Eur. Phys. J. D 45 (2007) 155

[6]: J. Sugar, J. Chem. Phys. 60 (1974) 4103

w0 0001 / A

« Calculations benchmarked by
comparison to homologs

» Uncertainties large from
compared to experimental
resolution

Experiment:

« two step RIS with non-resonant
second step excitation

 search for P, level in range
predicted by different theories

« determine IP from Rydberg series

/
7 reon:, I S I



Resonant Ionization Laser Spectroscopy of Nobelium

Pulsed .
il t Desorption of 254No
é llamen from Ta:
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N | % o,si
|_| AAAAAANS] 02:_
|_|_|_|_I_|_|_|_|_I_| 01200 1300 1400 1500 1600 1700 1800T / 1&00
10 cm evaporation temperature
1350(20) K
Electrodes
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M.Laatiaoui et al., Eur. Phys. J. D 68 (2014) 71 /
H. Backe et al., Eur. Phys. J. D 45, 9 (2007) 4 Tiﬁ?o'f:?ALTTIoZN = 5= 1L
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Online-Experiment @ SHIP — October 2014

Homolog Yb (Z =70) ?Sn(48Ca,5n)"°Yb (t,,=1.75 s, a)

250 7 A T | - l ' l v
| —— 1% step + 2™ step (351 nm) v
I only 2™ step (351 nm)
200 - .
>
X Laser 2
< 1501 A, =351Tnm
S——
7))
I=
= 100+ Laser 1
3 A, = 398.9 nm
501
0-
0 3500 4000 4500 5000 5500

o—energy / keV
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Superheavy Elements (SHE):

a hew collaboration in NUSTAR @ FAIR

VNIRRT T = s
Proposal to integrate new "Superheavy Element" subcollaboration in

NUSTAR @ FAIR submitted to Board of Representatives (Summer '14)
Focus: synthesis, nuclear structure, atomic physics,
nuclear chemistry experiments in region Z = 100

Existing facilties: SHIP, TASCA, SHIPTRAP, Chemistry beamline
Developments for high-intensity cw-Linac ongoing (HIM, GSI, U Frankfurt)

Complementary to existing NUSTAR activities at Super-FRS

Organizational Structure:

Spokesperson: R.-D. Herzberg (Univ. Liverpool)
Deputy: M. Block (GSI/HIM)
Technical Director: A. Yakushev (GSI)

Currently includes 9 German and 17 international institutes

Endorsed by NUSTAR Collaboration Committee: Sept. 25, 2014
submitted to FAIR management: Oct. 27, 2014



Staged Approach towards cw linac for SHE

1. Full performance test of sc cw
LINAC Demonstrator

«  @GSI HLI

« proof of principle

2. Full performance test of a
shorter sc cavity

« energy variation (by Ampl &
Phase)

« 8 gaps

» simpler design

« easier to fabricate

3. Advanced Demonstrator

« upto4.61 MeV/u@ A/Q=6
« 5x sc CH-Cavity, 5% sc Solenoid
« possible to place in HLI@GSI

cooperation: GSI, HIM, Uni Frankfurt ¢ Thssocrion 1w o I

Material courtesy of V. Gettmann / W. Barth S



First components — October 2014

research ~
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Conclusions and Perspectives

« Recent attempts to synthesize new elements 119 and 120 yield
cross section limits of about 70 fb

« New attempts demand high-intensity stable beam accelerator

 X-ray finger printing provides practical method to pin down odd-Z
elements 113, 115, 117 unambiguously

 High-precision mass measurements adds powerful tool to map
strength and location of shell closures

* laser spectroscopy probes relativistic effects on the atomic structure
and gives access to nuclear properties (spins, moments)

Thank you for your attention !
y y Fremor pm e
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I TASCA High Power Target Wheel
used for E119 atiIm == ML

@ Target Wheel: 100 mm
N @ Beam Spot: 8 mm

O
> = ===l

Cf 249
350.6 a

«5.812; 5.758..
sf;y 388...; g

Y oo GUTENBERG
UNIVERSITAT MAINz

Target wheel with Gd tested up to

March 6, 2012:
2498k arrives in Mainz

March 23, 2012:
Targets arrive at GSI

April 12, 2012:
Targets mounted in TASCA

April 14, 2012:
Begin Element 119 search

2500 particle'-nA

Wheel system: E. Jager et al., J. Radioanal. Nucl. Chem.; in print

. Bk Target: J. Runke et al. J. Radioanal. Nucl. Chem.; in print




>0Ti+249Bk Excitation Function

3n exit channel
4n exit channel

(Méller 1995; FRDM)

(Liu 2011; WS3)

A Zagrebaev + Greiner

(Myers 1996; TF)

(Muntian 2003)

1000 -
]
=

o 100
= i
~~
© \ﬁ Liu + Bao \

@ Wang et al.

V¥V Siwek-Wilczynska

10 + / \a
260 270 280 290
E,_./MeV

Courtesy Ch.E. Dillmann

Helmholtz Institute Mainz




S0Ti+249Cf Excitation Function

1000 ‘

3n exit channel
_____ - 4n exit channel

gLiu + B?o ('09)

(Ml

o(48Ca+249Cf—>E118)
~500 fb
100

C
3 ‘ ] (Méller 1995; FRDM)
iny AND I N e
/ ;W(!// \ \ p Adamian et al. ('09)
S L —r— N\ (Moller 1995; FRDM)

260 270 280 200 300 | @ Adamian et al. ("09)
(Liran 2001)




SHIPTRAP Setup

=~ 50 MeV _—e o = o =) ] eV === = ] keV

Gas Cell Buncher Transfer Penning Trapsr TRAPSPEC
SHIP [T I
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«— Entrance Surface ~ = \ Cluster- and

S Extraction RFQ Quadrupole _ -
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SHIPTRAP: Probing the Strength of Shell Effects

5,-(N,Z) = 2B(N,Z) — B(N-2,Z) — B(N+2,2)
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Calculations with Skyrme Forces
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& [MeV]
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No isotopes
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3-point difference (pairing gap), No isotopes
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CryoCell Setup

Cryo Cell Gas Cell

Advantages compared to 1st generation gas cell:

« Larger stopping volume and Coaxial injection of reaction products
« Higher cleanliness due to cryogenic operation

» Larger gas density at a lower absolute pressure
C. Droese et al. NIM B 338, 126 (2014) é Thssocurion m =om T



CryoCell Setup

Cryo Cell Gas Cell
0.8 — 1 - 1 - T - T T T T T T T * 1
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Distance to Nozzle / mm

Advantages compared to 1st generation gas cell:

« Larger stopping volume and Coaxial injection of reaction products
« Higher cleanliness due to cryogenic operation

» Larger gas density at a lower absolute pressure
C. Droese et al. NIM B 338, 126 (2014) é Thssocurion m =om T
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Phase Imaging Ion Cyclotron Resonance (PI-ICR)

i

Delay-Line Detector by Roentdek GmbH

=

s g d 4

L J Position sensitive detector
E
l\ =
« position resolution : 70 ym ToF (us) X (um)
e active diameter 42 mm
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Phase Imaging Ion Cyclotron Resonance (PI-ICR)

Delay-Line Detector by Roentdek

=

ions mmnE [ =Emm Il}

_ Determination of the
spatial distribution

Radial excitation

Independent Measurements
of Eigenfrequencies v, and v_

Radial excitation followed
by a phase accumulation time
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position-sensitive delayline detector

(RoentDek GmbH DLD40)

Active diameter 42 mm
Channel diameter 25 um
Open area ratio >50 %
Position resolution 70 pm
Max. B-field a few mT
Time resolution ~ 10 ns

preparation trap measurement trap

ion transport optics
E——— | image of magnetron motion (G ”20)
° e I — ° '»
~ e p number of
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PI-ICR vs. ToF-ICR In experiment

ToF-ICR PI-ICR

40 - 40

S| |

l“ I | T{ [ ] - m S _ r$ }TITT 11 TTII}IT}{ }Thﬂl Ir ¢

-40 -

(Ratio-R ) x 10
o
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o

-40 4

number of measurement number of measurement
10-hour measurements

SIM(124Xe) - M(124Te)] ~ 300 eV §[M('32Xe) - M(131Xe)] ~ 70 eV !I!

Gain in Precision ~ 4.5 111
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Veryfying the Accuracy of PI-ICR

AM = M(132Xe) - M(131Xe)
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Neutrino mass determination via §/EC decay

beta transitions between nuclear ground states
with very low Q-values

f-decay of 3H; Q-value = 18.6 keV  KATRIN

B-decay of 18’/Re; Q-value = 2.47 keV MARE

ECHo
HOLMES

EC in 193Ho; Q-value = 2.55 keV




B- decay endpoint measurement

l
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G. Drexlin, V. Hannen, S. Mertens, and C. Weinheimer Beusiinin
Advances in High Energy Physics Volume 2013 (2013) (associarion [ Som B
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magnetron motion
direct projection

PI-ICR measurements

cyclotron motion
projection after n-pulse
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SHIPTRAP experiment on
187Re-187Qs mass difference

4

il

i .TN i

g

Qshiprrar = 2492(30)(15) eV

1800 E

1700 E 1 1 1 1 1 |
0 5 10 15 20 25 30

4-hour measurement

S. Eliseev et al., Phys. Rev. Lett. 110, 082501 (2013)
S. Eliseev et al., Appl. Phys. B (2014) E i
D. Nesterenko et al., Phys. Rev. C 90, 042501(R) (2014) association [[om Eom B
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187Re-1870s mass difference measurement

2900 ¢
2850 F proportional microcalorimeters
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» Large discrepancy between measurements by proportional counters and
micro-calorimeters
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187Re/1870s mass difference measurement

2900
- i , . Pennin
2850 proportional microcalorimeters e_ 9
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» Large discrepancy between measurements by proportional counters and
micro-calorimeters

« SHIPTRAP result confirms latest micro-calorimeter results
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Mass of 48Ca

wmso— O(mass excess) = 17 eV
I
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P _
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Online-Experiment @ SHIP — October 2014

T Py
= =
E = 1 1 " -
25 _ PRE LI M I NARY So -> P1 transition energy predictions:
_ 1: Borschevsky et al., Phys. Rev. A 75, 042514 (2007)
==_ 2: Dzuba et al., Phys. Rev. A 90, 012504 (2014)
__—_' 3: Liu et al., Phys. Rev. A 76, 062503 (2007)
;-__ 4: Indelicato et al., Eur. Phys. J. D 45, 155 (2007)
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2013 at RIKEN - after 40+ years SHE chemistry:

First step in the direction of organometallic SHE chemistry: Sg(CO),
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