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Nuclear isomers separated by their mass offer unique opportunities to precisely study masses of
superheavy elements on the search for the island of stability. This research project is focused on
the realization of very high resolving powers of fast mass spectrometers to enable isomeric
resolution.

In this research project, new concepts towards microscopic multipole traps

have been investigated and several possibilities have been tested in the experiment. We accomplished
several tests of small trapping systems as used for extraction of ions from a gas-catcher cell.
Experience has also been obtained for the cryogenic operation of a previously existing Paul trap
during various on-line experiments over the period of the grant.

The final goal of an independent microscopic multipole trap coupled to a mass spectrometer is
further pending, but can be accomplished using the existing devices. By the experience obtained up
to date, planar trap designs (i.e. printed electrodes on an insulating board) are most promising for
the realization of the trapping structures. Trapping systems with smaller volumes are necessary and
can be realized by more narrow electrode boundaries, so that the motional space of the ions is
restricted to enable a meaningful combination with a mass spectrometer.
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In superheavy element (SHE) research the knowledge of nuclear masses is still very scarce
and experiments become more challenging by low production rates [1]. The nuclear mass is
one of the most important input parameters to reliably confirm the physical properties of
SHE and, as an ultimate goal, to predict and verify the position of the presently hypothetical
"island of stability". Facing also the problem of the expected long half-lives of SHE and the
reoccurrence of beta decay, precise mass measurements are independent of the decay and
thus very desirable as a verification of the nuclide's identity and for the exploration of ground
state and excited state energies. At present, excited states in heavy atomic nuclei and SHE
still cause a particular challenge for the study of heavy isotope and SHE masses (see e.g. [2]),
as the separation of ground states and excited states of nuclei by their mass difference
requires mass spectrometers with particularly high resolving power. As from alpha decay
spectroscopy exclusively the energy difference between initial and final state can be revealed,
the ability to resolve isomeric states by mass is a key to disentangle the puzzles of energy
states from decay spectroscopy and precisely obtain the masses of SHE higher in the decay
chain. In that way, the existing spectroscopy data can be applied in an unambiguous way.
New mass data of presently unknown SHE is of utmost importance to benchmark and
improve theoretical models and to tighten the boundaries of the island of stability and to
predict its position in the nuclear chart. Furthermore, the production of new SHE depends
on precisely matching the correct collision energies to maximize the cross section for the rare
events. These energies must be predicted from theory first and require accurate input data
from the nuclei known so far.

[1] Morita et al. J. Phys. Soc. Jpn. 81 (2012)
[2] M. Rosenbusch et al. Phys. Rev. C 97, 064306 (2018)
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The purpose of this research project is to improve multi-reflection time-of-flicht mass
spectrometry (MRTOF-MS) for the capability to resolve low-lying isomeric states of heavy
nuclei. This requires by far higher resolving powers as compared to the performance of
present systems. The project concentrates on the initial phase-space conditions, to which the
ions are cooled prior to the injection into the mass spectrometer. Present systems are using
very reliable quadrupole ion traps to store, cool, and eject ions for the mass measurement.
The field shape in quadrupole traps allows only for a limited cooling performance by
unwanted heating of the stored ion cloud via the radio-frequency (RF) field in a gas filled trap
(usually Helium). As a consequence, for a background gas at a certain temperature, the
temperature of the stored ions converges already at multiples of the gas temperature in usual
quadrupole cooler traps.

In this project, the general idea is to allow for the use of multipole traps for the cooling and
preparation procedure of the ions. Multipole traps consist of a larger number of radio-
frequency electrodes enabling a RF field of different order, as for example octupole fields,
dodecapole fields, or fields of higher order. By the electric shielding effect, these traps are
nearly field-free in the center, where the extension of the field-free region increases with the
order of the field. The ion cloud is confined in this region and the ions can move freely and
cool to low temperatures by collisions with gas atoms at low pressure. These traps are
presently widely used to produce cold molecules and atomic clusters.

The drawback of multipole traps, and the reason why their applications in time-of-flight mass
spectrometry (see [1] for a design study) is yet rare, is a too wide space in which the ion cloud
can spread. This causes an unwanted expansion of the possible initial position of the ions and
will limit the mass resolution by ion optical aberrations of the MRTOF-MS. Furthermore,
cutting the phase space of the beam at another stage in the apparatus (like skimming) leads
to losses and is not applicable for experiments with rare ions.

The main idea to overcome this problem is to decrease the size of the multipole trap, so that
the maximum expansion of the ion cloud is limited to a desirable volume. In that way, the
cooling can be achieved without the unwanted expansion of the ion cloud, which leads to high
resolving powers of the subsequent mass spectrometry. To succeed in producing such initial
conditions, the anticipated expansion of the field-free region must be in the order of a few
hundred micrometers, which poses a particular challenge for this project.

[3] U.J. Lorenz & T. R. Rizzo, Anal. Chem. 83, 20, 7895 (2011)
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In the present on-line setup, atomic nuclei of interest are produced at the RIBF facility of
RIKEN by fusion-evaporation reactions upon the impact of a primary beam taken typically
from RIKEN's RRC accelerator on a thin target. The produced fusion-evaporation residues
are separated from the primary beam using the GARIS-II separator and transported to a gas
stopping cell via thin beam energy degraders to pre-adjust the kinetic energy. The gas
stopping cell is filled with helium at about 100 mBar pressure in order to decelerate the
produced exotic ions by ion-atom collisions from accelerator energies down to lower energies
until a thermal equilibrium with the gas atoms is achieved. By use of radio-frequency carpets
the stopped ions are kept away from touching the walls and are guided to a small extraction
orifice into a Paul-trap system. After passing a linear quadrupole the ions are transferred to
a preparation Paul with a planar geometry and are stored in a helium buffer gas at low
pressure for several milliseconds until an equilibrium state is achieved. The cooled ions are
ejected and transported into the MRTOF device. Capture of ions is achieved by switching the
mirror voltages and enabling a potential well exceeding the kinetic energy of the ions. In that
way, reflections forth and back between the two concentric ion mirrors are achieved. For the
detection of the ions' time-of-flight, the mirror at the exit side of the MRTOF device is opened
and the ions can reach the detector where their TOF signal is recorded [4,5].

Various general aspects of the research project are:

- Molecular dynamics simulations (including the commercial software SIMION) for feasibility
studies

- Radio-frequency technology above 10MHz

- Technology of radio-frequency carpets

- Design of ion traps from printed circuit boards

- Vacuum technology, ion sources, ion detection techniques (measurement of low currents and
also single-particle detection), control systems, and TOF mass spectrometry

[4] P. Schury et al., Nucl. Instr. Meth. B 335, 39 (2014)
[5] Y. Ito et al., Phys. Rev. Lett. 120, 152501 (2018)
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In this research project, new concepts for microscopic multipole traps have been investigated.
Initially a 3-dimensional design was proposed but has been discarded later due to difficulties
to accurately manufacture a system with a trapping region of less than 1 mm size. As an
alternative, planar electrode structures as applied for radio-frequency carpet technology in
gas stopping cells come into question and have been further investigated for this purpose.
Molecular dynamics simulations have been performed to verify various geometries and
parameters allowing for storage conditions of ions with different atomic masses. These
studies revealed the feasibility of planar designs, but also that the concept is challenging for
the tight restrictions of the trapping volume. Upon the small size and distances of the RF
electrodes (on the order of 100 micrometers and less), frequencies higher than 10MHz and
high signal amplitudes are necessary to safely enable ion storage, especially when hot ions
are injected into the trap. For this purpose, high-frequency devices to enable guiding fields
with frequencies of up to 50 MHz have been purchased and tested.

Aligned with other developments of a novel type of RF carpets, first tests of linear and planar
RF electrodes for ion storage and transport could be performed with success [1]. Ion transport
with different trapping parameters allowing for the extraction of ions from the novel gas-
catcher cell have been demonstrated. Furthermore, at the present MRTOF setup the planar
quadrupole trap has been investigated for the feasibility of cryogenic operation. To this end
the trap was cooled to cryogenic temperatures and heated back to room temperature during
full operation of the mass spectrometer, without any incidents. By the experience obtained
up to date, planar trap designs with printed electrodes are most promising for the realization
of the trapping structure. Trapping systems with smaller volumes are necessary and can be
realized by narrow electrode boundaries for the confinement, so that the motional space of
the ions is restricted enough to enable a meaningful combination with a TOF mass
spectrometer. However, the goal to test an independent microscopic multipole trap system
coupled to a mass spectrometer is further pending.

[6] A. Takamine et al., RIKEN Accel. Prog. Rep. 52 (2019)



19 6 6 0

P. Schury, Y. Ito, M. Rosenbusch, H. Miyatake, M. Wada and H. Wollnik 433

Improving wide-band mass measurements in a multi-reflection time-of-flight mass spectrograph by 2018

usage of a concomitant measurement scheme

Int. J. Mass Spectrom. 40-46
DOl

10.1016/j . ijms.2018.08.007

M. Rosenbusch, Y. Ito, P. Schury, M. Wada, D. Kaji, K. Morimoto, H. Haba, S. Kimura, H. Koura, 97

M. MacCormick, H. Miyatake, J. Y. Moon, K. Morita, I. Murray, T. Niwase, A. Ozawa, M. Reponen,

A. Takamine, T. Tanaka, and H. Wollnik

New mass anchor points for neutron-deficient heavy nuclei from direct mass measurements of 2018

radium and actinium isotopes

Phys. Rev. C 64306
DOl

10.1103/PhysRevC.97.064306

Y. Ito, P. Schury, M. Wada, F. Arai, H. Haba, Y. Hirayama, S. Ishizawa, D. Kaji, S. Kimura, H. 120

Koura, M. MacComick, H. Miyatake, J.Y. Moon, K. Morimoto, K. Morita, M. Mukai, I. Murray, T.

Niwase, K. Okada, A. Ozawa, M. Rosenbusch, A. Takamine, T. Tanaka, Y.X. Watanabe, H. Wollnik,

S. Yamaki

First Direct Mass Measurements of Nuclides around Z=100 with a Multireflection Time-of-Flight 2018

Mass Spectrograph

Phys. Rev. Lett. 102501
DOl

10.1103/PhysRevLett.120.152501

S. Kimura, Y. Ito, D. Kaji, P. Schury, M. Wada, H. Haba, T. Hashimoto, Y. Hirayama, M. 430

MacCormick, H. Miyatake, J. Y. Moon, K. Morimoto, M. Mukai, I. Murray, A. Ozawa, M. Rosenbusch,

H. Schatz, A. Takamine, T. Tanaka, Y. X. Watanabe, H. Wollnik

Atomic masses of intermediate-mass neutron-deficient nuclei with relative uncertainty down to 2018

35-ppb via multireflection time-of-flight mass spectrograph

Int. J. Mass Spectrom. 134-142

DOl

10.1016/j . ijms.2018.05.001




M. Mougeot, D. Atanasov, K. Blaum, K. Chrysalidis, V. Fedosseev, D. Fedorov, S. George, T. Day 120

Goodacre, F. Herfurth, J.D. Holt, D. Lunney, B. Marsh, V. Manea, D. Neidherr, S. Rothe, M.

Rosenbusch, C. Seiert, L. Schweikhard, A. Schwenk, J. Simonis, S.R. Stroberg, A. Welker, F.

Wienholtz, R.N. Wolf, and K. Zuber

Precision mass measurements of 58-63Cr: study of nuclear collectivity towards the N=40 island 2018

of inversion

Phys. Rev. Lett. 232501
DOl

10.1103/PhysRevLett.120.232501

B. A. Marsh et al. 14

Characterization of the shape-staggering effect in mercury nuclei 2018

Nature Physics 1163-1167
DOl

10.1038/s41567-018-0292-8

Cubiss J. G. Barzakh A. E. Seliverstov M. D. et al. 97

Charge radii and electromagnetic moments of 195-211At 2018

Physical Review C 54327
DOl

https://doi.org/10.1103/PhysRevC.97.054327

Mougeot M. Atanasov D. Blaum K. Chrysalidis K. Goodacre T. Day Fedorov D. Fedosseev V. 120

George S. Herfurth F. Holt J.D. Lunney D. Manea V. Marsh B. Neidherr D. Rosenbusch M.

Rothe S. Schweikhard L. Schwenk A. Seiffert C. Simonis J. Stroberg S.R. Welker A.

Wienholtz F. Wolf R.N. Zuber K.

Precision Mass Measurements of 58-63Cr: Nuclear Collectivity Towards the N=40 Island of 2018

Inversion

Physical Review Letters 232501

DOl
https://doi.org/10.1103/PhysRevLett.120.232501




Cubiss J.G. Barzakh A.E. et al. 786

Change in structure between the 1=1/2 states in 181Tl and 177,179Au 2018

Physics Letters B 355 363
DOI

https://doi.org/10.1016/]j .physletb.2018.10.005

Knauer S. Fischer P. Marx G. Mueller M. Rosenbusch M. Schabinger B. Schweikhard L. Wolf 446

R.N.

A multi-reflection time-of-flight setup for the improvement and development of new methods and 2019

the study of atomic clusters

International Journal of Mass Spectrometry

116189 116189

DOl
https://doi.org/10.1016/j .1jms.2019.116189

Sels S. Fischer P. Heylen H. Lagaki V. Lechner S. Maier F.M. Plattner P. Rosenbusch M. 463
Wienholtz F. Wolf R.N. Nortershauser W. Schweikhard L. Malbrunot-Ettenauer S.
First steps in the development of the Multi lon Reflection Apparatus for Collinear Laser 2020
Spectroscopy
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials 310 314
and Atoms

DOl
https://doi.org/10.1016/j .nimb.2019.04.076
Rosenbusch M. Wada M. Schury P. Ito Y. |Ishiyama H. Ishizawa S. Hirayama Y. Kimura S. 463
Kojima T.M. Miyatake H. Moon J.Y. Niwase T. Sonoda T. Takamine A. Watanabe Y.X. Wollnik
H.
A new multi-reflection time-of-flight mass spectrograph for the SLOWRI facility 2020
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials 184 188

and Atoms

DOl
https://doi.org/10.1016/j .nimb.2019.05.058




Barzakh A. E. Cubiss J. G. et al. 99

Inverse odd-even staggering in nuclear charge radii and possible octupole collectivity in 2019

At217,218,219 revealed by in-source laser spectroscopy

Physical Review C 54317
DOl

https://doi.org/10.1103/PhysRevC.99.054317

Ascher P. Althubiti N. Atanasov D. Blaum K. Cakirli R. B. Grevy S. Herfurth F. Kreim 100

S. Lunney D. Manea V. Neidherr D. Rosenbusch M. Schweikhard L. Welker A. Wienholtz F.

Wolf R. N. Zuber K.

Mass measurements of neutron-rich isotopes near N=20 by in-trap decay with the ISOLTRAP 2019

spectrometer

Physical Review C 14304
DOl

https://doi.org/10.1103/PhysRevC.100.014304

Huang W. J. Atanasov D. Audi G. Blaum K. Cakirli R. B. Herlert A. Kowalska M. Kreim S. 55

Litvinov Yu. A. Lunney D. Manea V. Mougeot M. Rosenbusch M. Schweikhard L. Welker A.

Wienholtz F. Wolf R. N. Zuber K.

Evaluation of high-precision atomic masses of A = 50-80 and rare-earth nuclides measured with 2019

ISOLTRAP

The European Physical Journal A 96
DOl

https://doi.org/10.1140/epja/i2019-12775-5

Schury P. Wada M. Wollnik H. Moon J.-Y. Hashimoto T. Rosenbusch M. 91

High-stability, high-voltage power supplies for use with multi-reflection time-of-flight mass 2020

spectrographs

Review of Scientific Instruments 014702 014702

DOl
https://doi.org/10.1063/1.5104292




Lechner Simon Fischer Paul Heylen Hanne Lagaki Varvara Maier Franziska Plattner Peter 240

Rosenbusch Marco Sels Simon Wienholtz Frank Wolf Robert N. Nortershauser Wilfried

Schweikhard Lutz Malbrunot-Ettenauer Stephan

Fluorescence detection as a new diagnostics tool for electrostatic ion beam traps 2019

Hyperfine Interactions 95
DOl

https://doi.org/10.1007/s10751-019-1628-1

Niwase T. Wada M. Schury P. Haba H. Ishizawa S. 1Ito Y. Kaji D. Kimura S. Miyatake H. 953

Morimoto K. Morita K. Rosenbusch M. Wollnik H. Shanley T. Benari Y.

Development of an “ o -TOF” detector for correlated measurement of atomic masses and decay 2020

properties

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment

163198 163198

DOl
https://doi.org/10.1016/j .nima.2019.163198

Sonoda T Katayama I Wada M limura H Sonnenschein V limura S Takamine A Rosenbusch M 2019
Kojima T M Ahn D S Fukuda N Kubo T Nishimura S Shimizu Y Suzuki H Takeda H Tanigaki M

Tomita H Yoshida K Ishiyama H

Conceptual study on parasitic low-energy Rl beam production with in-flight separator BigRIPS 2019
and the first stopping examination for high-energy Rl beams in the parasitic gas cell

Progress of Theoretical and Experimental Physics 113D02

DOl
https://doi.org/10.1093/ptep/ptz120

4 1 1

Marco Rosenbusch

Status and Future Plans for MRTOF Mass Measurements at RIKEN-RIBF

Electromagnetic Isotope Separators (EMIS) at CERN

2018




Marco Rosenbusch

MRTOF Mass Measurements at RIBF: Recent Measurements of Heavy Isotopes and Future Plans for the Super-Heavy Region

TASCA workshop, GSI (Darmstadt)

2018

Marco Rosenbusch

Recent successes of multi-reflection devices at RIKEN"s RIBF facility and some thoughts about highly accurate mass
calibration using ion traps

10th International Conference on Charged Particle Optics (CP0-10), Key West (Florida)

2018

Marco Rosenbusch

Follow-Ups on Great Achievements: New MRTOF-MS Projects at RIKEN-RIBF

Fifth joint meeting of the Division of Nuclear Physics of the American Physical Society (APS) with the nuclear physicists of
the Physical Society of Japan (JPS)

2018




