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Poster Session / 5

The TRIUMF Fast Ion Counter for Reaction Studies with Radioac-
tive Ion Beams

Author: Greg Hackman'

Co-authors: Ethan Geerlof !; James Smallcombe ?; Shaun Georges L. Richard Hughes 3. Daniel Yates *

! TRIUMF
2 JAEA
3 LLNL

Corresponding Authors: hackman@triumf.ca, dyates@triumf.ca, sgeorges@triumf.ca, hughes61@llnl.gov, small-
combe.james@jaea.go.jp, egeerlof@triumf.ca

Advances in radioactive beam facilities have significantly increased capabilities for studying exotic
nuclei. However, reaccelerated radioactive beams are rarely isotopically pure and necessitate equip-
ment to monitor beam composition and to detect and identify recoiling reaction products. TRIFIC,
the TRIUMF Fast Ion Counter (A. Chester, et al., Nucl. Instrum. Meth. Phys. Res., Sect. A, 930,
2019), is an ionization chamber with titled, alternating anode and cathode grids along the beam axis.
TRIFIC is used in conjunction with the TIGRESS ~-ray spectrometer for in-beam reaction studies at
the TRIUMF-ISAC radioactive beam facility. The TRIFIC ion chamber may be operated in either an
active recoil-tagging mode or passive beam composition monitoring mode.

Recently, several upgrades to the TRIFIC detector have been completed to enhance its capabilities.
Characterization of beam-induced damage on thin metal and aluminized polymer foils was investi-
gated in order to increase the acceptable beam rate through the gas window and into the detector
system. Processing parameters of a custom digital data acquisition system were optimized for the
TRIFIC detector and now allow for beam rates up to 10° ions per second in recoil-tagging mode.
Upgraded window foils allow TRIFIC to safely withstand beam rates of up to 10° ions per second
and enable snapshot beam composition measurements to be taken at high rates. Position-sensitive
electrode grids have been commissioned that allow for improved energy loss reconstruction of ions
transiting the gas volume. These improvements increase the scientific potential of reaction studies at
TRIUMF-ISAC using TRIFIC and TIGRESS. A description of the TRIFIC detector, its recent upgrades,
and recent measurement results using the detector will be discussed.

Email address:
dyates@triumf.ca

Supervisor’s Name:
Supervisor’s email:
Funding Agency:

Classification:

Instrumentation for radioactive ion beam experiments

Ion optics & spectrometers / 6

FIONA ToF: a Time-of-Flight detector for studies of superheavy
elements at Berkeley Lab

Author: Marilena Lykiardopoulou’
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Co-authors: Christopher Campbell ?; Erich Leistenschneider '; Jacklyn Gates *; Jennifer Pore ?; Reiner Kruecken
?; Rodney Orford ?

! Lawrence Berkeley National Lab
? Lawrence Berkeley National Laboratory

> TRIUMF

Corresponding Authors: reinerkruecken@triumf.ca, jmgates@lbl.gov, jpore@Ibl.gov, mlykiardopoulou@lbl.gov,
erichleist@Ibl.gov, cmcampbell@Ibl.gov, rorford@lbl.gov

Superheavy elements tend to decay mostly by alpha decay and spontaneous fission and their de-
tection and study often relies on the detection of the alpha particles and the fission products using
silicon detectors. In addition, half-lives can be deduced through the timestamps of implantation and
decay events. This is possible due to the fact that after production, the ions have 10s of MeV of
energy, enough to be implanted beyond the dead layer of a typical Si wafer.

In Berkeley Lab, we produce and detect superheavy elements using the 88” cyclotron and the Berke-
ley Gas-filled Separator. In addition, to eliminate ambiguities, we can identify the mass number of
the superheavy elements using the FIONA setup. However, in order to study properties such as their
mass, the superheavy ions have to first be stopped in a gas catcher and then trapped in a Paul trap
in order to have an acceptable emittance. After cooling and bunching, they can only be accelerated
to an energy of a few keV which is not enough to penetrate the dead layer of the Si wafer at the end
of FIONA.

To overcome this limitation, we have developed a novel Time-of-Flight detector for use in mass iden-
tification experiments with FIONA and future high precision mass measurement experiments with
the MR-ToF in Berkeley Lab. This detector combines a double-sided-silicon-strip detector (DSSD)
and a micro-channel plate detector (MCP). The former provides the position sensitivity that corre-
sponds to an A/q in FIONA as well as the decay information. The latter is used to detect secondary
electrons emitted upon impact on the DSSD which provide the implantation time. This new detec-
tor significantly reduces the background in FIONA, allows for lifetime measurements and preserves
the position resolution. The design, first results and current and future applications will be dis-
cussed.

Email address:

mlykiardopoulou@lbl.gov

Supervisor’s Name:
Supervisor’s email:
Funding Agency:

Classification:

Facilities II / 8

The production of the first fission nuclear radioactive beam of
BRISOL facility

None

Author: Bing Tang

Corresponding Author: tangb364@126.com
The Beijing Radioactive ion beam facility Isotope Separator On-Line (BRISOL) is a radioactive ion
beam facility based on a 100MeV cyclotron providing 200pA proton beam bombarding the thick

target to produce radioactive nuclei, which are transferred into an ion source to produce singly
charged ion beams. A surface ion source had been developed for BRISOL, and the first radioactive
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beams (37K+, 38K+, 42K+, etc.) were produced by bombarding a CaO target with a 100MeV proton
beam from the cyclotron in 2015. A FEBIAD ion source with MgO target are successful used to
the first physics experiments, including the decay study of 20Na with the energy of 110keV and the
elastic scattering study of 21Na and 22Na beams, post-accelerated by a 13MV tandem. The refractory
carbide targets such as SiC, LaC2 and UC2 are also developing for more radioactive beams. The first
online test of SiC target has been completed recently, and radioactivity beams of 25Al, 26Al, and
28Al were produced. The radioactive nuclear beams of rubidium and cesium were generated using
uranium carbide targets and used to study the decay characteristics of neutron rich beams. The
details of the development of BRISOL facility and the online experimental results will be presented
in this paper.

Email address:

tangb364@126.com

Supervisor’s Name:
Supervisor’s email:

Funding Agency:
National Key R&D Program of China 2023YFA1607001
Classification:

Isotope production, target, and ion source techniques

Ion traps & laser techniques / 9

Towards trapping of fast radioactive ions

Author: Stefanos Pelonis’

Co-authors: Tobias Christen ; Agota Koszorus 1. Phillip Imgram 1. Ruben De Groote !; Robbe Van Duyse 1. Pierre
Lassegues '

' KU Leuven
Corresponding Author: stefanos.pelonis@kuleuven.com

To better understand key nuclear properties, tremendous effort has been put over the past decades
into ab initio theoretical models [1], capable of reproducing experimental data with increasingly
higher precision. Benchmarking these models requires precise measurements of key nuclear observ-
ables, among which electromagnetic moments and charge radii play complementary roles.

Measurements of these quantities can be obtained using different techniques, but the most accurate
technique has been laser spectroscopy (LS). As an alternative to the well-established in-source and
collinear laser spectroscopy methods, an offline beamline has been commissioned at KU Leuven to
perform spectroscopy on trapped ions at Radioactive Ion Beam (RIB) facilities. This will substantially
increase the laser-ion nteraction time from a few microseconds to multiple seconds, ultimately lim-
ited only by the half-life time of the radioactive ions. This enables the excitation of weak transitions,
such as radiofrequency transitions within a hyperfine manifold [2], which will allow the extraction
of electromagnetic moments beyond the electric quadrupole moment, such as the magnetic octupole
moment. This will add another nuclear observable as a benchmark for nuclear theory and provide
information on the proton distribution inside the nucleus.

This contribution will give an overview of the project and present the first results from our linear
Paul trap, which includes the deceleration, trapping and laser cooling of Sr™ ions from 10 keV beam
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energy to a few K temperature. Additionally, first laser spectroscopy measurements with the laser-
cooled ions will be discussed. Finally, an outlook on the upcoming developments in Leuven will be
provided and prospects for implementation of this setup at RIB facilities will be explored.

References:

1. A. Ekstrom et al., Frontiers in Physics 11, 29094 (2023)

2. X. Yang et al., Physical Review A 90, 052516 (2014)

Email address:

stefanos.pelonis@kuleuven.be

Supervisor’s Name:

Prof. Ruben De Groote

Supervisor’s email:

ruben.degroote@kuleuven.be

Funding Agency:

Classification:

Ion traps and laser techniques

Ion traps & laser techniques / 11

Development of a high-resolution and high-sensitivity collinear
resonance ionization spectroscopy system

Authors: Hanrui Hu'; Xiaofei Yang1

Co-authors: Yangfan Guo '; Zhou Yan '; Wencong Mei '; Shaojie Chen '; Yinshen Liu '; Peng Zhang '; Shiwei Bai
!, Dongyang Chen '; Yongchao Liu '; Shujing Wang '; Qite Li '; Yanlin Ye '; Chuangye He ; Jie Yang ; Zuoye Liu
3

! Peking University
? Institute of Modern Physics

* Lanzhou University

Corresponding Authors: zyl@lzu.edu.cn, yongchaoliu@pku.edu.cn, huhr21@stu.pku.edu.cn, baisw@pku.edu.cn,
jie.yang@impcas.ac.cn, meiwencong@stu.pku.edu.cn, ytkuo@pku.edu.cn, xiaofei.yang@pku.edu.cn, 1801110106 @pku.edu.cn,
ligt@pku.edu.cn, hechuangye@126.com, liuyinshen@stu.pku.edu.cn, 18083997520@163.com, chendongyang@pku.edu.cn,
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Nuclear properties are closely connected to nuclear structure and nucleon-nucleon interactions, mak-
ing them essential for exploring various novel phenomena that emerge in exotic nuclei. Laser spec-
troscopy is a powerful technique for investigating nuclear properties of unstable nuclei by probing
the hyperfine structure (HFS) of their surrounding electrons. Such HFS effect contributes only about
one part in a million of the total transition frequency, thus requiring high-resolution measurement
techniques. Furthermore, studying unstable nuclei poses further challenges due to their short life-
times, low production yields, and significant isobaric contamination. Collinear resonance ionization
spectroscopy stands out as a premier technique for exotic nuclei research due to its high resolution
and high sensitivity [1].

Through the recent implementation of a radio-frequency quadrupole cooler-buncher [2] and a multi-
step laser ionization technique, we have successfully established a high-resolution and high-sensitivity
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collinear resonance ionization laser spectroscopy system named PLASEN (Precision LAser Spec-
troscopy for Exotic Nuclei) at Peking University [3]. The entire system was fully characterized us-
ing a bunched Rb ion beam at an energy of 30 keV by measuring the HFS spectra of the D2 line for
85,87Rb isotopes. An overall efficiency exceeding 1:200 was achieved, along with a spectral resolution
of approximately 100 MHz, which yields an experimental sensitivity sufficient for laser spectroscopy
measurements of unstable nuclei at yields around 100 pps. The extracted properties of 8>:8"Rb agree
well with the literature values, further confirming the reliability of the system.

In this talk, the details of PLASEN system will be presented, together with the results from the offline
commission experiment for 85-37Rb isotopes. A planned online laser spectroscopy experiment using
this setup at BRIF will also be discussed.

References:

[1] X. F. Yang, et al., Prog. Part. Nucl. Phys. 129 (2023) 104005.

[2] Y. S. Liu, et al. (2025). arXiv:2502.10740.

[3] H. R. Hu, et al. (2025). arXiv:2503.20637.

[4] T.]. Zhang, et al., Nucl. Instrum. Methods Phys. Res. Sect. B 463 (2020) 123-127
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SARONA -The SARaf exotic Nuclide fAcility
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The combination of continuous wave 5 mA proton or deuteron 40 MeV beams on a unique thick

Galn liquid jet target [1] will generate a high-energy neutron rate of more than 10'® neutrons per
second at the Soreq Applied Research Accelerator Facility (SARAF), currently under construction in
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Yavne, Israel [2].

We are currently designing SARONA —SARaf exotic Nuclide fAcility, where the high-energy neu-
trons, up to ~45 MeV, will impinge on thin natural actinide targets located inside a gas-filled cryo-
genic stopping cell (CSC) to produce more than 10° neutron-rich isotopes per second via neutron-
induced fission.

The fission products will be thermalized the CSC, separated and transferred via an ion beam line to
a multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS). SARONA is based conceptu-
ally on the FRS Ion Catcher at GSI [3], with a CSC whose architecture is similar to that planned for
FAIR [4]. The rate of mass-separated neutron-rich fission products at SARONA is expected to be at
a similar level to that of FRIB [5].

In this contribution we will present the simulations and design of the SARONA CSC and its first
engineering tests, and the layout of SARONA at the vicinity of the high-rate Galn neutron source.
A preliminary analysis of space charge in the CSC and its effect on maximal extraction rates as a
function of push voltage and buffer gas pressure will be shown. We will describe our efforts to max-
imize the neutron rate at the thin actinide target, while minimizing their rate at the MR-TOF-MS
detector and the radiation dose at sensitive electronic equipment. We will discuss the challenges
and solutions for installing and operating SARONA in the radiation environment of the high-energy
neutron source, considering the effects of direct neutron bombardment and induced residual activa-
tion.

[1] L Eliyahu et al., Nucl. Instr. Meth A 1053, 168320 (2023)
[2] I. Mardor et al., Front. Phys. 11:1248191 (2023)

[3] W. R. Plass et al., Nucl. Instr. Meth B 317, 457 (2013)

[4] T. Dickel et al., Nucl. Instr. Meth B 376 216 (2016)

[5] I. Mardor et al., Eur. Phys. Jour. 54:91 (2018)
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Studies of (a,n) reactions induced by radioactive ion beams in in-

verse kinematics for the weak r-process with the EMMA recoil
mass spectrometer

Authors: Alison Laird; Barry Davids?; Cameron Angusz; Matthew Williams®

! University of York
? TRIUMF

* University of Surrey
Corresponding Author: cangus@triumf.ca

The weak r-process in core-collapse supernovae is a proposed source of intermediate-mass ele-
ments. Under the conditions where the neutrino-driven winds that drive the supernova explosion
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are slightly neutron-rich, it has been found that (c,n) reactions are the main driver of nucleosynthe-
sis [1]. In contrast with the “main”r-process, nucleosynthesis in the weak r-process proceeds close
to the line of stability making it possible to study these reactions using radioactive ion beam facilities.
To date, only a few (o,n) reactions on intermediate-mass elements have been studied at the relevant
energies.

Recently, experiments have been conducted at the TRIUMF ISAC-II facility, using the EMMA re-
coil mass spectrometer to separate reaction products from unreacted beam ions and the TIGRESS
gamma-ray spectrometer array for coincident gamma ray detection. These studies looked at sev-
eral (o,n) reactions, each having been identified as significant in astrophysical models of weak r-
process nucleosynthesis [2]. This presentation will discuss results from these studies, reporting on
measured partial cross-sections, from both the 86Kr(o,n)89Sr experiment and the 94Sr(o,n)97Zr and
93Sr(a,n)96Zr experiments with radioactive beams.

[1] Bliss et al. (2017) J. Phys. G: Nuclear. Part. Phys. 44 054003.
[2] Bliss et al. (2020) Phys. Rev. C. 101 055807.
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Beamline and target design of the future TATTOOS radionuclides
facility at PSI
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Co-authors: Aleksandar Ivanov Stoyanov !. Daniel Laube '; Daniela Kiselev '; Haimo Johri '; Jochem Snuverink
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daniel.laube@psi.ch, davide.reggiani@psi.ch

The IMPACT (Isotope and Muon Production using Advanced Cyclotron and Target technologies)
initiative is a two-fold upgrade project envisaged for the HIPA (High Intensity Proton Accelerator)
machine at PSI. As part of IMPACT, the TATTOOS (Targeted Alpha Tumour Therapy and Other
Oncological Solutions) facility is being developed in collaboration with the University of Zurich
(UZH), and the University Hospital of Zurich (USZ). Housed in a new building, TATTOOS will be
driven by the high power (up to 60 kW), 590 MeV, proton beam split off the main HIPA beam and
guided to a hot target. The system will employ the ISOL (Isotope Separation On-Line) technique to
produce radionuclides for diagnosis and therapy of cancer in quantities sufficient for clinical studies
and for further radionuclide-driven research. This contribution will focus on the design of the proton
beam line, regarding in particular the splitting procedure and the two competing layouts currently
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under discussion (45- and 90-degree bend with respect to the main proton beam), simulations and
tests of the Ta-target as well as all shielding aspects related to operation, maintenance and target
exchange. Emphasis will be given to the challenges that need to be tackled to achieve the ambitious
goal of beam on target in 2030.
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What’s special about the ARIEL HRS?

Author: Richard Baartman'

! TRIUMF
Corresponding Author: baartman@triumf.ca

High resolution separators have a reputation as being unstable and difficult to tune. The ARIEL
HRS has been designed to overcome these difficult characteristics. To do this, it has two unique
features. (1) The matching system into and out of the HRS acts as both a matcher and a dispersion-
magnifier. (2) The aberration correction is not performed using a conventional multipole. Instead,
the correction element is a flat arrangement of electrodes that are programmed according to the
correction function rather than a multipole-at-a-time approach.
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Model coupled beam tuning and Bayesian optimization of rare
isotope beam transport to the DRAGON experiment at TRIUMF

Author: Omar Hassan'
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The Isotope Separator and ACcelerator (ISAC) facility at TRIUMF supplies both stable and rare iso-
tope beams for a variety of nuclear astrophysics experiments. One of these, the Detector of Recoils
And Gammas Of Nuclear reactions (DRAGON), investigates reaction rates of astrophysical processes
via radiative capture measurements. Currently, rare isotope beams delivered to DRAGON are man-
ually tuned by operators—a process that is both time consuming and difficult to train for, especially
given the boundary condition of high demand for beam time. This work presents a semi-automated
approach to optimize beam transport through the ISAC-I linac and towards DRAGON. The method
decouples the tuning of quadrupole lenses and corrective steerers. Quadrupoles are adjusted using
Model Coupled Accelerator Tuning (MCAT) to match a design tune, while Bayesian Optimization
for Ion Steering (BOIS) is used to do the beam orbit correction. BOIS treats steering as a black-box
optimization problem, evaluating functional values only through direct measurement to maximize
beam transmission. By combining MCAT and BOIS, this method offers a more efficient and physics
grounded tuning process for the facility.
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Is self-sputtering worth considering for isotope implantations?

Author: Thomas Elias Cocolios’
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High-fluence isotope implantation using magnetic mass separation has become a critical technique
across various research fields. For example, in medical isotope production, one of the key research
areas is the purification of these radionuclides through mass separation followed by implantation.
Additionally, mass-separated, implanted targets are used for nuclear charge radius determination
through muonic x-ray spectroscopy where isotopic purity is critical [1]. Again, high-fluence isotope
implantations are necessary to obtain the required targets (=~ 5ug implanted on a few cm?). Also,
for neutron time-of-flight studies and beyond standard model searches with molecules, high-fluence
isotope implantations are a key aspect [2].

Recently, at CERN-MEDICIS, through online monitoring of the incoming activity, it has been ob-
served that a significant fraction of the activity (up to 74%) of the incoming isotopes remained in
the collection chamber after removing the collection substrate [3]. Similarly, for muonic x-ray spec-
troscopy targets, significant discrepancies were observed between the incoming fluence and the
retained fluence in the foil (up to 84%) [1]. It was suggested that these losses are caused by self-
sputtering. Self-sputtering occurs when the primary beam can remove a sufficient number of sub-
strate particles such that, eventually, the earlier implanted nuclei of the species of interest can be
removed from the implantation substrate as well.

In this contribution, we will present the results of our investigations into self-sputtering, focusing on
two primary aspects: firstly, a framework was developed to guide future (medical) isotope collections
based on TRIDYN [4,5], which is a Monte-Carlo-based simulation software package that allows for
dynamical changes of the target.

Secondly, the TRIDYN simulations were compared to experimental implantation of Yb into Al and
Zn.

The results provide essential information for improving the collection efficiency. This is crucial
to overcome the fundamental limits imposed by self-sputtering, for example to scale up medical
isotope production, at CERN MEDICIS today, but also at new facilities such as ISOLpharm at SPES,
ISOL@MYRRHA at SCK-CEN, SMILES at ARRONAX and TATTOOS at PSL

[1] Michael Heines et al. Muonic x-ray spectroscopy on implanted targets. Nuclear Instruments and

Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 541:173-175,

2023. doi: https://doi.org/10.1016/j.nimb.2023.05.036.

[2] Claudia Lederer-Woods et al. Destruction of the cosmic y-ray emitter Al 26 in massive stars:

Study of the key Al 26 (n, p) reaction. Physical Review C, 104(2), 2021. doi: https://doi.org/10.1103/PhysRevC.104.L0228
[3] Reinhard Heinke et al. Efficient production of high specific activity thulium-167 at Paul Scherrer

Institute and CERN-MEDICIS. Frontiers in medicine, 8:712374, 2021. doi: https://doi.org/10.3389/fmed.2021.712374

[4] TRIDYN Application Examples - Helmholtz-Zentrum Dresden-Rossendorf, HZDR. https://www.hzdr.de/db/Cms?p!
[5] W. M"oller and W. Eckstein. Tridyn—A TRIM simulation code including dynamic composition
changes. Nuclear Instruments and Methods in Physics Research Section B, pages 814-818, 1984. doi:
https://doi.org/0.1016/0168-583X(84)90321-5.
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Beam optics and FEA simulations of the CANREB beamline at
TRIUMF

Author: Marco Hartmann'
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The CANadian Rare isotope facility with Electron Beam ion source (CANREB) is an important com-
ponent of the Advanced Rare IsotopE Laboratory (ARIEL) at TRIUMF. CANREB will deliver highly
charged radioactive ion beams for post-acceleration to nuclear physics experiments. Ion beams in-
jected into CANREB are bunched using a radiofrequency quadrupole cooler buncher and energy
adjusted using a pulsed drift tube for injection into an electron beam ion source (EBIS) charge state
breeder. The charge bred ions are then mass-separated using a Nier-type spectrometer and trans-
ported to the linac. The complexity of CANREB requires rigorous simulation efforts to ensure opti-
mal performance and beam quality. For this reason, combined beam optics and finite element analy-
sis methods are used to characterize the elements in the CANREB beam transport system. Particular
emphasis is placed on the 45° spherical benders that focus the beam in the direction perpendicular
to the bending plane and on the EBIS Sikler lens which provides both small-angle steering as well
as focusing of the ion beam.
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The new MRTOF mass spectrometer at HIAF facility

Authors: Chaoyi FUL Dongsheng Hou!; Jenny Lee'; Michiharu Wada?; Wenduo Xian®

! The university of Hong Kong
? Institute of Modern Physics

* Sun Yat-sen University
Corresponding Authors: fucy@impcas.ac.cn, michiharu.wada@impcas.ac.cn
A new state-of-the-art multi-reflection time-of-flight mass spectrometer, referred to as HKU-MRTOF,
has been constructed in the HKU-KEK collaboration. It aims to operate for nuclear mass measure-

ments of multinucleon transfer (MNT) products at the HIAF facility, through coupling to a cryogenic
gas cell. It is part of a low-energy station for making full use of the low-energy heavy-ion beams
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provided by the Linac. Detailed information about the MRTOF setup and results of the offline test
will be reported here.
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HISTARS: A High-Performance Detector for Nuclear Excited-State
Lifetimes at HIE-ISOLDE
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The ISOLDE facility at CERN is one of the most versatile and prolific facilities worldwide for the pro-
duction of exotic isotopes using the Isotope Separation On-Line (ISOL) method. The HIE-ISOLDE
project has realized a cutting-edge superconducting post-accelerator capable of delivering radioac-
tive ion beams with energies up to 10 MeV/u, making ISOLDE a unique facility worldwide to accel-
erate medium and heavy isotopes within this energy range.

To exploit the vast possibilities offered for research in nuclear structure, nuclear astrophysics and
other fields, the HIE-ISOLDE Timing Array for Reaction Studies (HISTARS) project aims at building
a detection device for the measurement of lifetimes of excited states populated in reactions. Nuclear
excited-state lifetimes are essential to have direct access to electromagnetic transition rates, which
are sensitive to the details of nuclear wavefunctions.

HISTARS combines a charged particle inner detector system with enhanced capabilities for reaction
tagging with excellent timing response and an external gamma fast-timing array based on LaBr3(Ce)
detectors. The system aims to benefit from recent advancements in instrumentation and electron-
ics, utilizing improvements in digital signal processing and innovative analysis techniques based
on genetic algorithms. The project will expand research opportunities for the large community of
accelerated beam users at ISOLDE.

The presentation will address the HISTARS conceptual design, the technical design study including
Monte Carlo simulations, and the performance evaluation of fast-scintillator systems for gamma
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rays and charged particles. Test physics cases to showcase the potential of the instrument will be
also introduced.
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Recent advances of the S3-Low Energy Branch
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The SPIRAL2 facility of GANIL will significantly extend the capability to study short-lived nuclei
by producing beams of rare isotopes at unprecedented intensities. The SPIRAL2-LINAC coupled
with the Super Separator Spectrometer (S*) recoil separator will facilitate the production of neutron-
deficient nuclei close to the proton dripline as well as super heavy nuclei via fusion-evaporation
reactions, with an efficient separation from the intense background contamination [1]. At the focal
plane of S, the Low Energy Branch (S3-LEB) will enable low-energy nuclear physics experiments
by thermalising and neutralising the nuclei in a gas cell before extraction in a supersonic gas jet.
In the jet, resonant laser ionisation can serve as both a selective ion source and a method of spec-
troscopy.

Resonant laser ionisation spectroscopy in the low density and low temperature environment of the
supersonic jet will boost the spectral resolution by an order of magnitude, while maintaining the
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typical efficiency of in-source laser spectroscopy [2]. The technique allows the precise investigation
of isotope shifts and hyperfine structures at the extremes of the nuclear chart. This will give access to
ground-state properties such as spins, charge radii and electromagnetic moments in a nuclear-model-
independent framework. Combined with the PILGRIM MR-TOF and the SEASON decay station,
mass and decay measurements will also be performed. The S3-LEB setup has been commissioned
offline in a dedicated laboratory [3, 4], and is now installed at the focal plane of S, in preparation
for online commissioning.

We present the latest results of the offline commissioning of the setup, including a detailed char-
acterisation of the gas jet combined with series of mass measurements using PILGRIM using, e.g.,
erbium isotopes. The preparation for online experiments at S* and the first scientific objectives with
short-lived nuclei in the coming years will be shown. In addition, we will present the results and
perspectives of ongoing related projects, such as FRIENDS?, which aims at improving the extrac-
tion speed and neutralisation of the gas cell, and IDEAS?, a tape-based identification station under
development.

[1] F. Déchery et al., Nucl. Instrum. Meth. B 376, 125-130 (2016)
[2] R. Ferrer et al., Nat. Comm. 8, 14520 (2017)

[3]J. Romans, et al., Atoms 10(1), 21 (2022)

[4] A. Ajayakumar, et al., Nucl. Instrum. Meth. B 539, 102 (2023)
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High-Resolution (d,p) Reaction Spectroscopy at Near-Zero Degrees
for Probing Nuclear Giants
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Some nuclei, such as gadolinium, exhibit exceptionally large neutron capture cross sections—far
exceeding typical geomatical cross section of atomic nuclei. This indicates the existence of exotic
nuclear structures, such as spatially extended neutron halo states, which remain underexplored, par-
ticularly in heavy nuclei.
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To investigate such states, we are developing a new approach based on high-resolution (d,p) reac-
tion spectroscopy using the AVF cyclotron and the Grand Raiden spectrometer at RCNP. Our setup
employs “dispersion matching”to achieve an energy resolution of ~20keV (FWHM). This high reso-
lution is essential for resolving closely spaced excited states.

As a benchmark measurement, we conducted the 197Au(d,p)198Au reaction. The resulting excita-
tion spectrum confirms the performance of the system and indicates the feasibility of future studies
of halo candidates in heavy nuclei with high precision.

Moving forward, we aim to identify spatially extended neutron wave functions by analyzing angular
distributions at near-zero degrees.
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a%vlgard the Creation and Detection of Molecular Beams at CAN-
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We assess the feasibility of creating molecular beams within an RFQ cooler-buncher (ARQB) at the
CANREB (CANadian Rare isotope facility with Electron Beam ion source) facility at TRIUMF. Selec-
tive ion—gas phase chemistry is used to form molecules inside the ARQB between +1 ions and neutral
gases, with the goal of delivering those molecular ion beams into the CANREB-TRIUMF beamline
system. This effort supports the long-term objective of providing radioactive molecular beams for
next-generation, beyond-the-Standard-Model physics experiments at TRIUMF.

The ARQB has been outfitted with a gas mixing system, enabling the controlled introduction of re-
active gases to tune ion—-molecule reactions with +1 beams of up to 30keV. We employ quantum
chemistry calculations (ORCA) and master equation solver (MESMER) to evaluate the favorability
and kinetics of candidate reactions. Design considerations for enabling ion—gas reaction chemistry
within an RFQ beamline environment are discussed, and we outline our detection strategy using
time-of-flight monitors and a Nier-type spectrometer.
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Cluster knockout reaction in inverse kinematics is a direct probe to study cluster formation in nu-
clei. We have previously developed a silicon detector system optimized for measuring recoil pro-
tons emitted in such reactions, achieving high-precision data acquisition using APV25-S1 readout
chips.

In this study, we newly developed trapezoidal silicon detectors capable of detecting emitted cluster
particles (primarily alpha particles) with high efficiency and resolution. This enables simultane-
ous measurements of energies and angles, allowing for the reconstruction of the cluster separation
energy. The detectors form a component of the TOGAXSI (TOtal energy measurement by GAgg
and verteX measurement by SI strips) telescope system, in combination with GAGG(Ce) scintilla-
tors.

The detector adopts a double-layer strip structure with a thickness of 100 pm and a strip pitch of 100
pm, achieving an angular resolution better than 2 mrad. It covers a wide energy-loss range (25-650
keV), enabling simultaneous detection of particles from protons to alpha particles.

In addition, by incorporating flexible circuits, the detector achieves a larger solid-angle coverage
than previous designs.

A test experiment is scheduled for June 2025 at the RI beam factory to evaluate the performance of
these silicon detectors. This poster will report on the detector design, readout system, and prelimi-
nary performance evaluation.
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The TATTOOS Facility

Stuart Warren®, R. Eichler, M. Hartmann, A. Ivanov, S. Jollet, H. Johri, R. Hiibscher, D. Kiselev, D.
Laube, R. Martinie, M. Mostamand, D. Reggiani, J. Snuverink, N. van der Meulen, U. Wellenkam

Paul Scherrer Institute, PSI Forschungsstrasse 111, 5232 Villigen PSI, Switzerland
Stuart.warren@psi.ch

TATTOOS (Targeted Alpha Tumour Therapy and Other Oncological Solutions) is the next major
installation at the Paul Scherrer Institute as part of the IMPACT project[1]. It envisages the use of
the high intensity high energy proton beam from the ring cyclotron (HIPA, 590MeV 2.4 mA H+) to
impinge on high Z targets for spallation produced radionuclides. The facility is, by design, a high
throughput machine, with expected 100 uA proton beams impacting the target, producing a high
yield of isotopes (>GBq Tb149) via spallation, online mass separation and laser ionization with less
than 2% neighbouring mass contamination.

Here, we present the current status of the designs and layout for the core features of the facility;
the high throughput electromagnetic separator with the moderate resolution of 3000 for typical
surface source ion beams, the subsequent ion beamline systems and services, proposed collections,
and proposed layout in the confined space of the site.

The facility aims to be the silver bullet in the production bottleneck of radionuclides for oncological
solutions, bridging the gap between the technology and the clinical trial solution with medically
relevant quantities of radionuclides.

[1] Eichler, R, Kiselev, D., Koschik, A., Knecht, A., van der Meulen, N., et Al (2022). IMPACT con-
ceptual design report. (PSI Bericht, Report No.: 22-01). Paul Scherrer Institute.
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ISOL@MYRRHA will be an ISOL facility featuring, in the phase 1 of the MYRRHA project, a pro-
ton beam of energy 100 MeV and currents up to 500 pA. This facility will produce RIBs for several
research applications in fundamental interactions, nuclear physics, condensed matter, biology and
nuclear medicine.

The first-generation targets of ISOL@MYRRHA are being designed for proton beam currents of up
to ~20 pA. This contribution focuses on SiC and Ti targets to produce 23-29A1 and 22-28Mg beams
for solid-state and fundamental nuclear physics research. Furthermore, the isotopes 44-47 Sc, of
relevance for nuclear medicine, can be extracted from Ti targets.

The ongoing target design, based on FLUKA simulations will be presented. In this framework, to
evaluate the accuracy of estimated production values, cross sections for proton-induced reactions
derived from the FLUKA code have been compared with experimental cross sections in the EXFOR
database for natural-Si and natural-Ti targets at proton-beam energies between 26-150 MeV.

Beyond in-target production rates, this contribution will also discuss RIB yields estimates. The
methodology for inferring efficiencies from calculations based on the ISOLDE and ISAC yield databases
will be discussed along with the findings of this analysis.

Preliminary studies of the physical and chemical properties of sample powders considered for SiC
target manufacturing will also be presented. The powder grain size and morphology were evaluated
from SEM micrographs, while Al presence was detected through EDS analysis.
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The Super Separator Spectrometer (S3) for the very high intensity
beams of GANIL/SPIRAL2
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! GANIL (CNRS)
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The Super Separator Spectrometer S3 [1] is being developed as part of the SPIRAL?2 facility at GANIL.
S3 has been designed to extend the capability of the facility to perform experiments with radioactive
nuclei produced with extremely low cross sections, taking advantage of the very high intensity sta-
ble beams of the superconducting linear accelerator of SPIRAL2. The focus of S3 physics is the study
of nuclei from medium-heavy mass at the proton drip line up to the super-heavy elements produced
by fusion-evaporation reactions, by investigating the properties and the decays of their ground and
isomeric states. The common feature of these research programmes is the need to separate very rare
events from intense backgrounds. The development of S3 required the solution of two major tech-
nological challenges: the need for very intense heavy-ion beams to access reactions with very low
cross-sections (picobarn and below) and the need for a powerful recoil separator-spectrometer that
can combine, thanks to its innovative superconducting multipole magnets, a large transmission with
a high selectivity and the capability to perform in-flight mass-number determination of short-lived
nuclei.

The interest of the S3 physics is that the nuclear chart can be studied by different approaches depend-
ing on the experimental set-up placed at the end of the spectrometer. The S3 project, considered as a
“radioactive nuclei production facility”, has motivated the development of a wide range of innovative
instrumentation setups, aiming at determining different observables of those nuclei, namely SIRIUS
[2] for implantation-decay spectroscopy of super-heavy elements and the Low Energy Branch [3-4]
for laser and decay spectroscopy, and mass spectrometry.

S3 is presently in the final stages of installation and commissioning has begun. We will present the
scientific objectives of S3, the current status of the facility and the different stages of commission-
ing.

[1] F. Déchery et al., Eur. Phys. J. A 51, 66 (2015)

[2]]. Piot and the S3 collaboration, Acta Phys. Pol. B 43 (2012) 285
[3]J. Romans, et al., Atoms 10(1), 21 (2022)

[4] A. Ajayakumar, et al., Nucl. Instrum. Meth. B 539, 102 (2023)
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Mass spectrometry plays a crucial role in numerous fields of physics research like nuclear astro-
physics, nuclear structure, and fundamental symmetries. Precise knowledge of masses is funda-
mental to these studies; for example, a relative mass precision of <1078 is required to probe the
Standard Model and beyond. Penning traps have been involved in some of the most precise mass
measurements in the Atomic Mass Evaluation to date. Penning trap mass spectrometry relies on
measuring the cyclotron frequency of an ion in a homogeneous magnetic field. A technique called
Phase-Imaging Ion-Cyclotron-Resonance, which enables masses of short-lived nuclides to be mea-
sured to relative precisions of ~10~Y, is currently being implemented at the Penning trap at TITAN,
TRIUMEF. The coupling of the TITAN Penning trap to an Electron Beam Ion Trap (EBIT) means that
the precision can be improved further by boosting the charge state of the ions. An electron gun
has been recently commissioned at the TITAN EBIT, which allows for improved electron beam com-
pression and increased electron beam currents. The EBIT also facilitates better beam purification by
breaking contaminant molecules, and creates a secondary ion source through the decay and recap-
ture ion trapping technique. However, conducting mass measurement by trapping highly charged
ions could lead to skewed results due to the increased likelihood that they interact and charge ex-
change with the environment. Such interactions could be minimized at ultra-high vacuum. An
upgrade to the TITAN Penning trap system has been conducted to cool the trap to cryogenic tem-
peratures using cryoabsorption and cryocondensation, and attain a vacuum of ~10~! mbar. This
has also permitted measurements to be conducted over longer periods (on the order of seconds) in
the trap, leading to a further increase in precision. A summary of the upgrades will be presented
along with results from commissioning of the cryogenic trap with rare isotope beams, and ongoing
characterization.
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Pion nuclear physics explored via pion-knockout reactions using
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Pions (Yukawa particles) mediate the strong interaction between nucleons and play a crucial role
in the formation and stability of atomic nuclei. Their influence manifests through tensor forces
and three-body forces, significantly contributing to nuclear binding and saturation properties—yet
many aspects remain poorly understood. In particular, pions are essential in connecting low- and
high-momentum components of nucleons, thereby generating a large portion of the nuclear binding
energy. In this sense, they represent the “essence”of nuclear stability. Moreover, the widespread
generation of high-momentum nucleons by pions throughout the nucleus may be regarded as the
“reality”of nuclear structure.

While conventional experimental approaches have struggled to probe the detailed behavior of pi-
ons inside nuclei, this study aims to achieve direct observation using high-quality proton beams
and a high-resolution magnetic spectrometer at RCNP. We will employ the pion knockout (p, p) re-
action, which introduces high-momentum components into the nucleus at low excitation energy
while simultaneously injecting the quantum numbers of a pion (J = 07). This reaction is expected to
selectively populate unnatural-parity states in the residual nucleus.

Through this experimental approach, we aim to elucidate the following:

- The contribution of pions to nuclear binding energy

- The role of pions in generating high-momentum nucleons within the nuclear medium

- The effect of three-body forces mediated by delta resonances on nuclear stability

- The possible emergence of a novel giant resonance associated with pion dynamics (“pionic modes”

)

Traditional nuclear theories based on the shell model incorporate the effects of pions as part of an
effective potential that governs nucleon behavior. However, comparisons with experimental results
from Jefferson Lab have revealed that this framework fails to reproduce the high-momentum compo-
nents observed in nucleon momentum distributions. Addressing this discrepancy requires treating
pions as explicit degrees of freedom on par with nucleons. To this end, we apply many-body quan-
tum theoretical approaches developed in the study of strongly correlated electron systems to achieve
a detailed understanding of pion-involved nuclear excitations—so-called pionic modes.

This presentation introduces a planned measurement of pion knockout reactions using the double-
arm spectrometer at RCNP, aiming to explore pion dynamics in nuclei.
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The polarizer facility at TRIUMF-ISAC is a versatile facility for delivering highly nuclear-spin-polarized
radioactive isotope beams (RIB) to various experiments and conducting collinear fast-beam laser
spectroscopy to investigate nuclear shapes and charge radii. In recent years, there has been growing
interest in novel nuclear-spin-polarized beams which drives further research and development. A se-
ries of innovations have been implemented: upgrades of laser and beamline systems, developments
of Rydberg-atom field-ionizer and fluorescence polarimeter, and improvements in photon detection
of fluorescence. Meanwhile, we are pursuing a universal laser-nuclear-polarization method through
spin exchange optical pumping (SEOP). Additionally to facilitate nuclear-spin polarization through
direct optical pumping of exotic isotopes with unknown atomic structures, collinear fast-beam laser
spectroscopy is conducted to precisely measure isotope shifts and hyperfine structures, which also
offers valuable insights into the nuclear shapes and charge radii of these isotopes.
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The proposed nEXO experiment will use a tonne-scale liquid xenon (LXe) time projection chamber
that aims to uncover properties of neutrinos via the observation of Xe-136 neutrinoless double beta
decay (0vBB), with a projected half-life sensitivity of 1.35 x 10%® years at the 90% confidence level,
after 10 years of live time. Such observation of lepton number violation would point to new physics,
beyond the Standard Model and imply that neutrinos are their own antiparticles. The collaboration
has been pursuing the development of new technologies to further improve the detection sensitivity
of nEXO, using techniques such as barium-tagging. This technique aims to locate single Ba ions
within a LXe volume, extract and further separate them from the LXe, and identify their mass. Ba-
tagging would allow for an unambiguous identification of true ff-decay events, and if successful
would result in an improvement to the nEXO detection sensitivity by a factor of 2-3. Other experi-
mental LXe-based efforts may also benefit from the development of Ba-tagging. Ion extraction meth-
ods are under development by other groups within the nEXO collaboration; these methods require a
Ba ion source for future efficiency testing. The group at TRIUMF is developing an accelerator-driven
ion source to implant radioactive ions inside a volume of LXe. In Phase I of this development, fol-
lowing implantation of radioactive ion beam into LXe, ions will be extracted using an electrostatic
probe for subsequent identification using y-spectroscopy. In this contribution, a status update will
be provided on the commissioning for Phase I of the Ba-tagging setup at TRIUMF.
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Superconducting Cyclotron
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Abstract The global demand for medical isotopes is continuously expanding. Currently, ultra-
compact cyclotrons built with mature superconducting technology are highly favored due to their
high beam intensity, small footprint, and significant commercial advantages. However, their strong
magnetic fields, ultra-compact structure, and the high beam intensity required for high production
rates bring great challenges for the design of the axial injection line and central region. In the pa-
per, based on the ultra-compact structure of superconducting cyclotron for H;™ and o dual beam
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acceleration, independently developed by the China Institute of Atomic Energy (CIAE), the optics of
the axial injection line for H,~ and @ dual beam injection is matched and designed, under the condi-
tions of strong space charge effects and superconducting leakage fields. The focusing and matching
component, buncher and cost etc. are also dedicated, to ultimately determine the axial injection line.
The transport matrix for the spiral inflector is calculated by orbit tracking, and beam optics matching
from the ion source to the spiral inflector outlet is achieved for such a ultra-compact. The central
region is another challenge during the cyclotron design. It is designed to fit the ultra-compact struc-
ture, meet the requirements of gap crossing, orbit centering, 50°RF acceptance for high intensity
H beam and high quality o beam. The matching phase ellipse at the location between the cen-
tral region and acceleration region, is obtained by multi-particle orbit tracking, enabling full beam
matching from injection to acceleration for the dual beams.

The superconducting cyclotron for H;™ and o beam with ultra-compact structure developed by CIAE,
is expected to advance the development and production of new medical isotope, such as 2! At,
99mTc and so on, as well as the K particle irradiation, neutron production for imaging or medi-
cal applications.

Key words Axial injection, Beam optics matching, Central region, Ultra-compact Cyclotron
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Abstract Driven by various applications such as the development and supply of radioactive iso-
topes, the construction of an ultra-compact superconducting cyclotron has been started at the China
Academy of Atomic Energy since 2025 to accelerate charged particles with a charge to mass ratio
of 1:2. This machine has two technical difficulties or challenges: 1) ultra compact superconducting
structure, and 2) accelerate two types of high current beams. When the same ECR ion source is
capable of generating the intensity beams of a and H,', therefore, only one beam line is needed
for beam injection instead of two. This obviously has practical significance for the ultra-compact
superconducting cyclotron.

For this purpose, a 2.45 GHz microwave driven ECR ion source test stand is under development.
Outside the discharge chamber with a diameter of 50mm and a length of 130mm, a set of 6-fold
multi-cusp magnetic fields and a pair of magnetic mirror field generated by two electromagnetic
coils jointly constrain the plasma in the discharge chamber. The optimized design and operation
parameters of these magnetic fields for ECR volumes in two different modes to generate o and H"
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beams will be described in detail in the paper. The microwave system, extraction electrodes, vacuum
and diagnostics, as well as the test stand will also be presented.
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Abstract The proton therapy system based on 230 MeV superconducting cyclotron is under devel-
opment at China Institute of Atomic Energy. The system consists of a 230 MeV superconducting
cyclotron, an energy degrader and energy selection system (ESS), a transport beamline, a 360° rota-
tion gantry and a beam delivery system. During the beam commissioning, the energy of 242 MeV
proton beam was extracted from SC cyclotron. Then two quadruples focus the beam to form double-
waist and symmetrical size around the location of degrader. The steering magnets adjust the beam
centering for the degrader and beamline. Then in middle of ESS, the chromatic dispersion reaches
to maximum. Momentum slits limit the momentum spread within £0.5% to ensure the bragg-peak
curve maintain a sharp peak. The ESS section is an symmetric achromatic system, and keep the
energy dispersion unchanged after ESS. The percent depth dose curves for 30 energy points are pre-
cisely measured after ESS section to establish correlation between dipole current and range in water.
Then the periodic transport beamline transports beam to treatment room entrance, with identical
beam phase parameters and low loss, thus the beamline setup could be duplicated for each room. The
periodic transport beamline contains minimum quads, with transform matrix to form phase ellipse
7 rotation. Then the beam reaches the gantry through the achromatic switching section. Since the
gantry beamline rotates, the beam parameters should be identical in various directions. The beam
here is calibrated to be a double-waist, with symmetrical size and divergence. Since the clinical
requirements of spot size at ISO vary for each energy, redundant number of quadruples in switch-
ing section are used to optimize spot size at gantry entrance. The gantry beamline is designed to
be point to point imaging, with a constant magnifying factor 1.6. Beam spot size at ISO is exactly
proportional to spot size at gantry entrance. Thus, the beam optics of rotating beamline completely
decouples with gantry angle. At the ISO plane, the 1 sigma beam size is calibrated to be 3.5mm
(230 MeV) and 6mm (70 MeV) , and beam sizes vary continuously for energies in between. By
scanning magnet and bend/steering magnet calibration, the spot position errors fall within 0.5mm
(1 sigma) for all gantry angles. By system calibration, basic beam performance parameters (range,
spot size, spot position) are precisely measured and calibrated to meet clinical requireents. More
other performance parameters calibrated and optimized will be also described in this paper.
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Abstract Proton therapy has become an advanced radiotherapy technique for cancer treatment due
to its precise dose distribution and minimal tissue side effect. Currently, most proton therapy cen-
ters utilize cyclotrons, which offer significant commercial and medical advantages, to provide high
current proton beams. Based on the 230 MeV superconducting cyclotron CYCIAE-230 independently
developed by the China Institute of Atomic Energy (CIAE), this paper introduces the design, imple-
mentation, and commissioning of the beam transport line for proton therapy. The beamline features
two beamlines, leading to a 360° rotating gantry treatment room and a fixed beam terminal for proton
therapy and proton irradiation, respectively. Building on the overall optical design, this paper pri-
marily discusses the beam optics matching between the SC cyclotron and the beamline, an energy
selection system with adjustable emittance and transmission efficiency using two steps of diver-
gence selection slits, and a room-temperature achromatic rotating gantry beamline. The beamline
commissioning has also been conducted, addressing the correction of beam extraction angles from
the cyclotron, completing energy tests in water phantoms using a degrader, and achieving controlled
field irradiation and dose rate at the isocenter. The design and commissioning results demonstrate
that the beam transport line of the proton therapy system developed at CIAE can successfully fulfill
its functions of dose depth modulation and beam transport adjustment, and so on.
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Abstract The medical isotope Astatine-211 (At-211), an alpha emitter, has significant application
prospects in Targeted Alpha Therapy (TAT). Due to its high linear energy transfer (LET) and short
range characteristics, it can effectively destruct cancer cells while causing relatively little damage to
the surrounding healthy tissues. The production of At-211 is mainly achieved by bombarding the
Bismuth-209 (Bi-209) target material with an accelerated o beam, and its nuclear reaction is 2°Y Bi(a,
2n)?t At. Therefore, the design and optimization of the target material and structure are crucial for
improving the production efficiency and purity of At-211.

This paper shows a systematic design of the production target for At-211. First by optimizing the
thickness and structural design of the target, it is ensured that the energy deposition of a beam in
the target is maximized, while reducing the thermal damage to the target. Second, bombarding the
target with high power a beam up to 2kW will generate a large amount of heat. Therefore, an efficient
cooling system (such as water cooling) is designed to maintain the stability and avoid the melting or
deformation of the target. Through numerical simulation, the energy, intensity, and bombardment
time of the o beam are optimized to increase the yield of At-211 and reduce the generation of by-
products, such as At-210 which should be subject to strict restrictions. At last considering the cost
and rarity of the Bismuth target material, a scheme for the recovery and recycling of the target
material is designed to improve the resource utilization efficiency.

The research results show that by optimizing the target design, thermal management, and beam
parameters, the production efficiency of At-211 will be significantly improved, and the service life
and stability of the target material are also effectively guaranteed. This research provides important
technical support for the large-scale production and clinical application of At-211.
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Abstract The medical radioisotopes such as 89 7y 8QGe, 82891, 64Cuy, 225 Ac, and 2!! At have been
attracting a lot of attention in nuclear medicine. In this paper, the isotope development activities
of 225 Ac produced by 100 MeV cyclotron CYCIAE-100 was described briefly. The reaction is 232T'h
(p.x)?2 Ac, for which the proton beam energy of at least 40MeV is required. According to IAEA
data, the proton energy decreases from 100MeV to 55MeV, and the nuclear reaction cross section
decreases by about half. The power deposition follows a nonlinear distribution along the path and
forms a Bragg peak at the end. So, it was numerical studied by M-C code and FEM code simulation to
optimize the tilt angle between the target and proton beam, the thickness of the target layer (Th layer),
the thickness of the target support layer (Cu), and the water cooling structure of the target support,
so as to fully utilize the energy region with high nuclear reaction cross-section to increase yield,
and concentrate the energy loss in cooling water to reduce heat transfer loop. Based on this design
method, a high-power isotope production target for 100MeV/200 1 A proton beam was successfully
designed. This high convective heat transfer efficiency and high-power isotope production target

design has been applied not only to the production of 2% Ac, but also to the solid targets for such as
828y,

Email address:
ljy1358@126.com

Supervisor’s Name:
Supervisor’s email:

Funding Agency:
This work was supported in part by theNSFC under Grant 12427810 and 12135020
Classification:

Isotope production, target, and ion source techniques

Isotope Production, Target and Ion Sources I / 41

Engineering of small grain size and porous Th-based targets for
ISOL@MYRRHA

Author: Lisa Gubbels!
Co-authors: Joao Pedro Ramos !; Beatriz Acevedo Mufioz !; Valentina Berlin ?; Simon Stegemann 2. Laura Lambert

2. Nadine Conan ?; Sebastian Rothe %; Marc Verwerft !; Lucia Popescu ! Jozef Vleugels 3

! SCK CEN
2 CERN
3 KULeuven

Page 28



20th International Conference on Electromagnetic Isotope Separators a... / Book of Abstracts

Corresponding Authors: marc.verwerft@sckcen.be, sebastian.rothe@cern.ch, beatriz.acevedo.munoz@sckcen.be,
jozef.vleugels@kuleuven.be, lisa.gubbels@sckcen.be, simon.thomas.stegemann@cern.ch, lucia.popescu@sckcen.be,
laura.lambert@cern.ch, valentina.berlin@cern.ch, joao.pedro.ramos@sckcen.be, nadine.conan@cern.ch

Isotope Separation Online (ISOL) facilities generate purified radioactive isotope beams for research
in fundamental nuclear and atomic physics, condensed-matter, biology and medical applications. As
part of the first phase of the MYRRHA program at SCK CEN, a new ISOL facility is being developed,
ISOL@MYRRHA, featuring a high-power 100-MeV proton beam with currents up to 500 pA. This will
enable the production of relevant isotopes for medical research, including 225Ac, which is highly tar-
geted for cancer research. This work focuses on the development of thorium-based targets, initially
on ThO2 engineered with pore formers and later on ThCx, optimized for efficient isotope release
at extreme temperatures X 2000 °C. Key material properties for refractory-isotope release include
micrometer-scaled open porosity (>30%) and small grain size (<10 um) stable at the above-mentioned
elevated temperatures. Highly-porous ThO2 targets were produced from ThO, powder synthesized
via oxalate precipitation from Th(NO3)4. The resulting powder consisted of platelets with varying
micrometric dimensions. ThO2 powder was mixed with pore formers in different volume ratios, then
pelletized, thermally treated in air, and sintered in a reducing atmosphere. The process parameters
were adjusted to achieve the desired density and grain size using pore formers. The thermal stability
of ThO2 was tested for 24 h above 2000 °C in vacuum, at CERN-ISOLDE. Remarkably, small grain
sizes and porosity survived these extreme conditions, demonstrating the material’s robustness as an
ISOL target. In this contribution, we present the structure of several engineered ThO2 prototypes
and their evolution after exposure to temperatures above 2000 °C.
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Electron scattering is a powerful tool for studying nuclear structure, because it allows model-independent
studies of nuclear structure. For example, the charge density distribution of nuclei can be determined
very accurately by electron elastic scattering. Therefore, electron scattering has been long awaited
in the study of unstable nuclei, especially short-lived unstable nuclei.

There are only a few measurements of electron scattering on unstable nuclei which are long life
isotopes. This is because it is difficult to prepare a large number of targets for more production-hard,
short-lived unstable nuclei to achieve the required luminosity for electron scattering. To overcome
such a situation, a new ion trapping method, Self-Confining Radioactive Isotope Ion Target (SCRIT)
method, was developed.[1] After demonstrating the principle of the SCRIT method, the SCRIT elec-
tron scattering facility was constructed at RIKEN RI Beam Factory in 2009.[2] The SCRIT facility
consists of an electron accelerator, an electron storage ring equipped with the SCRIT system, an
online isotope separator, and an electron spectrometer besides the SCRIT system. Produced Radio
Isotope (RI) beams are injected to the SCRIT system and Rls trapped inside the SCRIT system play
as stationary targets. Electron beam stored in the ring are scattered from the RI targets and analyzed
by the spectrometer.

After the success of the commissioning experiment using '3?Xe [3] and the development of the RI
production, the world’s first electron scattering experiment using online-produced unstable nuclei
was successfully conducted using *7Cs beam in 2022.[4] For the next stage, the upgrade of the SCRIT
facility is underway for electron scattering off 1329 which is a iconic nuclei. In addition, various
interesting physics programs have been proposed; photo absorption, isotope dependence of charge
density distribution, forth-order moment of nuclear charge density to access neutron distribution
radius, and more. In this contribution, we will report details of the first experiment, and the present
status and perspective of the SCRIT project.

[1] M. Wakasugi, T. Suda, and Y. Yano, Nucl. Instr. and Meth. A532, 216 (2004).

[2] M. Wakasugi et al., Nucl. Instr. and Meth. B317, 668 (2013).

[3] K. Tsukada et al., Phys. Rev. Lett. 118, 262501 (2017).

[4] K. Tsukada et al., Phys. Rev. Lett. 131, 092502 (2023).
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Precision laser spectroscopy is a powerful technique for investigating nuclear properties such as
nuclear spins, electromagnetic moments, and changes in the mean-square radii in a way that is
independent of a nuclear model [1]. Measurements using this technique are essential for testing
and advancing nuclear theories. The Collinear Resonance Ionization Spectroscopy (CRIS) setup lo-
cated at CERN is capable of performing such measurements across a wide range of isotopes on the
nuclear chart. However, recent experiments have faced challenges due to isobaric beam contamina-
tion, which induced substantial background noise, preventing precise determination of the nuclear
properties [2].

To resolve this issue for CRIS, a multi-reflection time-of-flight (MR-ToF) device [3] can be installed
downstream of the ionization stage. The MR-ToF is an isobar separator proven to achieve high
resolving powers (100k) in several tens of milliseconds, allowing efficient discrimination between
the target isotope and background contaminants. A successful implementation of the MR-ToF at the
CRIS beamline will significantly enhance the signal-to-noise ratio for future experimental campaigns
at CRIS. Additionally, this integration will provide access to previously unmeasured isotopes whose
signals were too weak to be distinct from the overwhelming background.

This contribution provides an overview of the ongoing project, focusing on the devolvement and
testing of the newly commissioned offline MR-ToF beamline at KU Leuven. Preliminary results
from tests demonstrating the feasibility of the MR-ToF system as an isobar separating device at the
end of the CRIS setup will be discussed. Finally, the next steps and future developments will be
outlined.

References:

[1] A. Koszor us et al. Nuclear structure studies by collinear laser
spectroscopy. The European Physical Journal A, 60(1):20,
January 2024.

[2] R. Garcia et al. Laser Spectroscopy of exotic indium (Z = 49)
isotopes: Approaching the N =50 and N = 82 neutron numbers.
Technical report, CERN, Geneva, 2017.

[3] M. Schlaich et al. A multi-reflection time-of-flight mass
spectrometer for the offline ion source of the puma experiment.
International Journal of Mass Spectrometry, 495:117166, 2024.
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Design and simulation for Position-Sensitive Time-of-flight de-

tector of the Bp-defined isochronous mass spectrometry HIAF-
SRing

Authors: Chaoyi FU'; Hongyang Jiao®; XING XU?

! The university of Hong Kong
? Institute of Modern Physics, CAS

Corresponding Authors: jiaohongyang@impcas.ac.cn, fucy@impcas.ac.cn, xuxing@impcas.ac.cn

In storage ring-based mass spectrometry, charged particles with nonzero emittance exhibit char-
acteristic betatron oscillations in the transverse plane. The effects of the betatron oscillation on
the revolution time has been observed in previous isochronous mass measurement experiments in
HIRFL-CSRe. However, one cannot distinguish the pure betaron oscillation effects from the effects
of intrinsic non-isochronism of the time-of-flight (TOF) detector because the current TOF detector
has no position detection capability. The additional position information is very useful for the next
generation Bp-defined Isochronous Mass Spectrometry where transverse oscillation motion of ions
due to nonzero emittance can be precisely detected.

In this contribution, we propose a novel position-sensitive TOF detector for the future isochronous
mass measurement experiments at Spectrometer Ring (SRing) of High Intensity heavy-ion Accel-
erator Facility. Compared with the existing TOF detector, the key innovation of the new detector
involves implementing dual microchannel plate (MCP) detectors in orthogonal configuration rela-
tive to the carbon foil. Secondary electrons generated during ion penetration through the carbon foil
are simultaneously collected by both front and back MCPs. Through SIMION simulations of electron
trajectories, we established a strong correlation between the horizontal penetration position and the
differential signal timing from the two MCPs. Thus, the position can be obtained from the time differ-
ence. With optimized parameter, the best time resolution of 16 ps and position resolution of 0.68 mm
were achieved in the simulations. This detector is under construction and will be tested in the lab-
oratory. This development addresses a critical instrumentation gap for advanced isochronous mass
measurement techniques requiring simultaneous revolution time and position detection.
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The design of a 3-sector high-resolution Multi-Turn Time-Of-Flight Mass Analyzer (MT-TOF MA)
with a diameter of 300 mm and a flight path of ~30 m at 46 turns is presented. The analyzer has ro-
tational and mid-plane symmetry of the main electrodes. It includes lower and upper polar-toroidal
sectors S1 and S3, toroidal sector S2 located in the mid-plane, a pair of polar lenses for lateral fo-
cusing and a pair of conical lenses for longitudinal focusing. The open reference trajectory allows
retaining the full range of masses of injected ions. Several analyzers of this type with a diameter of
500 mm or more have been designed, built and tested previously [1-3]. A mass resolving power of
~210 k (fwhm) was demonstrated over a flight path of ~50 m (myoglobin, ~17,000 Da, 15+, m/z ~1130
Th) [2]. The need for a “desktop” size instrument stimulated development of the presented small-size
analyzer. The analyzer has two operating modes: forward (23 turns, internal detector) and reversing
(46 turns, external detector). In the reversing mode, additional segments embedded into the external
S2 electrode have to be used to provide focusing in the azimuthal (drift) direction. According to
numerical simulations, m/dm in the reversing mode is ~75-80 k (fwhm) for ions extracted from an
ion trap and accelerated to 8 keV. For a MALDI source, m/dm can be slightly higher, up to ~100 k
(fwhm), due to the smaller transverse emittance of injected beams. The analyzer can be used for fast
and accurate mass measurements up to at least several thousand Dalton. In this conference, we will
present overview of the analyzer design studies including results of ion optics simulations.

References
[1] V. Shchepunov, M. Rignall, R. Giles and H. Nakanishi, A high resolution multi-turn TOF mass
analyzer. In: Proc. of the 63rd ASMS Conf, St. Louis, MO, May 31 - June 4, 2015, MP092.
[2] Y. Tateishi, H. Miura, H. Morinaga, K. Kimura, T. lida, J. Nakazono, M. Nishiguchi, O. Furuhashi, D.
Okumura, Y. Yamaguchi, S. Uchiyama, Analyses of biopharmaceuticals using high-resolution multi-
turn TOF-MS system. In: Proc. of the 71st ASMS Conf, Houston, TX, June 4 - 8, 2023, WP042.
[3] V. Shchepunov, M. Rignall, R. Giles, R. Fujita, H. Waki, and H. Nakanishi, A high resolution
multi-turn TOF mass analyzer. International Journal of Modern Physics A, Vol. 34, No. 36, 1942005
(2019).
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Experimental investigations targeting chemical properties of superheavy elements (SHE) have reached
element 115 (Mc) [1]. Chemistry experiments of the heaviest elements are carried out by thermal-
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izing their energetic recoils produced in fusion-evaporation reactions within a gas-filled volume
and transporting these solely by gas-flow to a detection setup. The transport process typically re-
quires at least about 0.5 seconds. The next heavier known elements 116 (Lv) to 118 (Og) can be
produced at rates of few single atoms per week, but only isotopes with half-lives well below 100
ms are known to date. To extend chemical studies to these elements, a highly-efficient stopping cell
with superimposed electrical fields to significantly reduce the transfer time from the separator to the
chemistry setup is required. First exploratory experiments with an existing stopping cell coupled to
a chemistry-detection setup have been successfully conducted and demonstrated the feasibility of
the approach [2,3]. In recent stopping cells, the extraction efficiency is typically in the order of 30
—75% and the extraction time in the order of tens of ms [4]. To enable studies of the next-heavier
chemically unexplored element 116 (Lv), high efficiency for fast-extraction times is highly desirable.
Following a concept by Varentsov and Yakushev [5], the atmospheric-pressure stopping cell UniCell
has been designed and is currently under construction. Its main component is a ceramic ion funnel
with ca. 180 electrodes and 100 pm electrode spacing. In this contribution, we report on simulations
studying the stopping cell in detail and present the status of its construction, capabilities and its
future prospects.

[1] A. Yakushev et al., Front. Chem. 12 (2024) 1474820

[2] S. Gotz et al, Nuclear Instruments and Methods in Physics Research Section B 507 (2024) 27

[3] G. Tiebel et al, The ion-funnel-to-IVAC system, Annual Report 2023, Laboratory of Radiochem-
i

[

(

stry, p. 5
4] C. Droese et al, Nuclear Instruments and Methods in Physics Research B 338 (2014) 126
5

] V. Varentsov and A. Yakushev, Nuclear Instruments and Methods in Physics Research B 940
(2019) 206
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The resonance ionization laser ion sources RILIS, pioneered by V.S. Letokhov and his group in the
1980ties, have since found wide applications at all on-line isotope separator facilities worldwide.
This success is based on the excellent specifications of ultimate ionization efficiency, realized for
most elements of the periodic table, combined with very high selectivity achieved by suppressing
unwanted isobars to a minimum in the ionization process.

The advent of tunable lasers with high power, high repetition rate and easy operation, which cover
the entire spectral range from UV to far IR and which can universally be adapted to individual atomic
spectra and scientific tasks, has led to further superb progress in this field in recent decades. In ad-
dition to the efficient production of pure ion beams of radioisotopes for fundamentals studies or
nuclear medicine, e.g. at the CERN radioactive beam facilities (RIB) ISOLDE (on-line) or MEDICIS
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(off-line), or the collection of ultrapure radioisotope samples as calibration sources, carried out e.g.
at the RISIKO off-line RIB at University of Mainz, meaningful optical spectroscopy within the laser
ion source unit has become possible. By adequate design of the laser-atom interaction region and
adaptation of the laser specifications, high-resolution spectroscopy has been demonstrated the PI-
LIST version of the RILIS.

In the last years, the technologies of RILIS, LIST and PI-LIST have been applied at the off-line ra-
dioisotope beam (RIB) facility RISIKO at University of Mainz for studies on actinide isotopes of the
elements 89Ac up to 100Fm. The PI-LIST studies yield hyperfine structures and isotope shifts on
top of the basic atomic physics data from the RILIS, both being so far scarce in this region of the
periodic table. Involving theoretical support, the analysis of the high resolution data yields spins,
nuclear moments, and changes of mean-squared nuclear charge radii. This information contributes
to an understanding of the hitherto largely unknown nuclear physics landscape in this area of very
heavy elements and provides guidance for ongoing activities in the range of the heaviest actinides
Md, No, and Lr up to the super-heavy elements 1.

A short introduction into the technical prerequisites for high resolution spectroscopy within the
PI-LIST laser ion source will be given, addressing both off-line and on-line operation, and the spec-
troscopic results will be discussed with a focus on the nuclear structure of actinide elements.

1 M. Block, M. Laatiaoui, S. Raeder, Prog. Part. Nucl. Phys. 116, 103834 (2021). https://doi.org/10.1016/j.ppnp.2020.103834
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A SCRIT (Self-confining RI Ion target) technique forms an ion target in an electron storage ring for
electron-RI scattering experiments. The target ions are trapped transversely by periodic focusing
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forces of electron beam bunches and longitudinally by an electrostatic well potential produced by
the SCRIT device. The trapped target ions are focused onto the electron beam axis as their charge
state increases by electron impact ionizations, and their density changes dynamically during the ion
trapping. Although the current target ion density is approximately 10° ions/cm?, only 10-20% of the
injected target ions to the SCRIT device contribute to electron scattering. This indicates a potential
for increasing the target density by a factor of 5 to 10.

A previous study using ion-trapping simulations in the SCRIT device suggested that the time evo-
lution of the target density strongly depends on the charge-state distribution of trapped ions and
the stability of the electron beam. In this study, we evaluated the time evolution of target densities
and charge-state distributions of trapped '*2Xe ions using electron beams with different stabilities.
Under the lower electron beam stability, the target density decreased to one-tenth of its initial value
within approximately 450 ms. In contrast, the target density remained nearly constant for about 1
second under the higher electron beam stability. This presentation details the measurements and
discusses the results.
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Laser spectroscopy experiments are an indispensable tool in modern nuclear structure studies. Hy-
perfine structure and isotope shift data such as nuclear moments and charge radii obtained in such
experiments serve as tests of state-of-the-art theories[1]. Such data are particularly sparse for heavy
and superheavy nuclei[2]. Our collaboration’s experiment JetRIS has been successfully applied to
the heaviest element with a known resonance ionization scheme, probing the hyperfine structure of
the K = 8 isomeric state in No-254.

JetRIS is an in-gas-jet Resonant Ionisation Spectrometry setup[3,4] located at the focal plane of the
Separator for Heavy Ion reaction Products (SHIP). A Ca-48 beam on a Pb-208 target was used to
produce ~ 4 ions/s of No-254 in a fusion-evaporation reaction. The recoiling ions enter JetRIS
through a thin titanium foil, stop in argon gas and remain mostly singly charged. An electrode array
is used to transport the ions from the stopping volume to a negatively biased and heated tantalum
filament. Nobelium atoms are desorbed from the filament and carried by gas flow through a de Laval
nozzle and into the collimated hypersonic gas jet, where two-step resonant laser ionisation takes
place. The created photo-ions are guided to an alpha detector, which is used to ensure background-
free measurements at low production rates.

In this talk, we report on the measured hyperfine spectra, the deduced nuclear moments as well as
the isomer shift of the short-lived K = 8~ isomer in No-254 (T}, = 259 ms), addressing the cur-
rently disputed[5-8] quasiparticle configuration of the state. Additionally, we present the technical
development of the setup that resulted in fast extraction (< 100 ms) and improved efficiency enabling
these measurements. Finally, we highlight the potential applications of the in-gas-jet technique for
isotope/isomer separation and the ongoing work applying it to radioactive molecules.
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Atoms of different chemical elements exhibit characteristic spectra that serve as their unique fin-
gerprints. Our knowledge of their spectra has allowed the identification of heavy elements in ex-
tragalactic stars, and even in neutron star mergers where half of the elements are thought to be
produced.

Till date, very little is known about the atomic structure of the heaviest elements, which can only
be synthesized in trace amounts in nuclear fusion-evaporation reactions. With such scarce yields,
spectroscopy must be done “one atom at a time”, for which traditional fluorescence methods lack
sensitivity. Similarly, and despite the fact that resonance ionization spectroscopy has been success-
fully applied to a few atoms of nobelium (Z = 102) [1] and, more recently, to fermium (Z = 100) [2],
it would still require groundbreaking developments before it can be applied to refractory metals of
the d-block elements, which lay ahead.

The recently developed Laser Resonance Chromatography (LRC) technique could remedy this [3]. It
exploits electronic state-resolved chromatography to measure the change in the ground state pop-
ulation by laser resonance excitation of sample ions to their higher excited levels, so that neither
fluorescence detection nor resonance ionization is required for spectroscopy. The spectral precision
of the method, combined with its high sensitivity, will enable the study of the atomic structure of the
heaviest elements, in particular those beyond nobelium, and additionally will help to elucidate the
evolution of nuclear charge radii and deformation in neutron-deficient isotopes of many transition
metals that are so far out of reach or more challenging for conventional techniques.

In my contribution I will explain the LRC technique and show the future prospects for its implemen-
tation at the S3 installation of GANIL/SPIRAL? for the spectroscopy of neutron-deficient actinium
(Z = 89) and lawrencium (Z = 103) isotopes.
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The ISAC facility at TRIUMF hosts two high purity germanium detector arrays which allow for
world-class gamma-ray spectroscopy experiments: TIGRESS (mainly used for reaction studies) and
GRIFFIN (for decay studies). These detectors are typically utilized in radioactive beam experiments,
however the finite beamtime available at ISAC results in regular periods of downtime where the
detector equipment is operable but remains unused. This downtime could be used to perform high
statistics decay spectroscopy of radioactive sources, to investigate rare decay modes and other nu-
clear structure properties of the isotopes in question. The availability of small medical cyclotrons at
TRIUMF allows for local production of sources with short half-lives, that would otherwise only be
accessible through implantation or reaction studies using accelerated beams.

We have recently carried out a proof of concept in which a high activity (~ 5 MBq) source of the
nuclear isomer 3™ Mo (t1/2 = 6.85 hours) was produced via proton irradiation of a niobium target foil
using the TR13 medical cyclotron. This source was then measured using GRIFFIN for several days,
in an experiment designed to search for the predicted but as-yet unobserved E6 decay (a rare decay
mode in which a gamma ray carries six units of angular momentum) of the isomer. The combination
of high source activity (only achievable using local source production) and high detection efficiency
of the GRIFFIN array resulted in a dataset with extremely high statistics compared to previously
published data. Preliminary results of the data analysis will be shown, and the feasibility of other
experiments using local source production will be discussed.
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The ISOL facility under development by the Belgian Nuclear Research Centre (SCK CEN), ISOL@MYRRHA,
will leverage a fraction of the MYRRHA accelerator’s proton beam to produce radioactive ion beams
(RIBs). Already built as part of MYRRHA phase 1, the facility will receive in this phase a 100-MeV
proton beam, up to 0.5 mA.
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With the aim of producing high-intensity RIBs for several research programs, the performance of
the production targets is a critical parameter. This contribution will present developments on the
target design for the initial deployment phase of the facility known as Day-1. Investigations on Day
—1 target materials will also be covered. Furthermore, the latest progress will be discussed for the
design and engineering of key components such as the proton beam window and the target vessel.
These must be capable of withstanding the demanding operational conditions of ISOL@MYRRHA
Day-1.

To provide users with information on nuclides that can be produced and identify the better suited
targets and ion sources in terms of yields and beam purity, a database of production yields is being
developed. The methodology for building this database along with its two-part structure will be
shown. Furthermore, the findings of this study will also be discussed.

Lastly, highlights will be presented for the ongoing efforts to establish and commission test stands
and offline setups. These setups are essential for developing target materials, target components, ion
sources, beam windows and laser-ionization schemes.
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TRIUMF’s ISAC facility operates ISOL targets under high-power particle irradiation up to 500 MeV
and 100 pA of current, producing Radioactive Ion Beams (RIBs) for Canadians and international
nuclear and particle physics experiments. The ARIEL facility (Advanced Rare IsotopE Laboratory)
is currently under construction with the objective to add two RIBs, in addition to the RIB already
being produced by the existing ISAC facility. One ARIEL station will receive a driver beam of 500
MeV protons, up to 100 pA from TRIUMF’s H- cyclotron. The other ARIEL station will utilize an
electron beam from the new superconducting linear accelerator, with energy up to 35 MeV and
up to 100 kW beam power. The addition of these two ISOL targets enables the delivery of three
simultaneous RIB beams to different experiments, while concurrently producing radioisotopes for
medical applications.

This contribution will describe the target station and its completion status, and will highlight the
recent qualification tests that have been performed on its core components in our offline facility.
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The predicted beam intensities from the additional two stations will be presented, highlighting the
main strengths and weaknesses of this combined facility. Moreover, the current status of the ARIEL
facilities will be discussed, along with the roadmap their completion and ramp-up.
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Simulation for FEBIAD ion source at ERIS for 132Sn experiment
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Electron-beam-driven RI separator for SCRIT (ERIS) [1] is dedicated to produce a high-quality and
low-energy radioisotope (RI) beam for the SCRIT (Self-Confinement RI Target) electron scattering
facility [2] at the RIKEN RI Beam Factory. Electron scattering is one of the useful ways to accurately
understand the internal structure of atomic nuclei. The aim of this facility is realization of electron
scattering experiment with unstable nuclei, for which the target nuclei of 10® ions/s are required.
Recently, although the yield of *"Cs was 107 ion/pulse, we successfully performed world’s first
elastic electron scattering experiment with 137Cs [3].

Our next plan is to perform the electron scattering experiment with '*2Sn. 132Sn beams are produced
by using the forced electron beam induced arc discharge (FEBIAD) ion source at ERIS. The present
yields of 132Sn are achieved to 2.6 x 10° ions/s with 15-g uranium targets and a 10-W electron
beam [4]. To supply the required beam intensity, the overall efficiency of the ion source needs to
be increased as well as increasing the electron-beam power. One of the developments is to improve
extraction efficiency of ion beam from the ion source. Thus, we are considering a new structure of
ionization chamber using SIMION [5]. Currently, the simulation is in the process of studying the
details based on the effects of space charge and other factors.

In this contribution, we will report about simulation of FEBIAD ion source at ERIS.
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ity

Authors: Navid Noori!; Carla Babcock!; Luca Egoritil; Jens Lassen?; Tom Day Goodacre!; Alexander Gottbergl;
Tom Alderson!; Michael Genix'; Aleesha Sharma'

' TRIUMF
% TRIUMF Canada’s particle accelerator centre

Corresponding Authors: mgenix@triumf.ca, gottberg@triumf.ca, talderson@triumf.ca, legoriti@triumf.ca, lassen@triumf.ca,
tdaygoodacre@triumf.ca, nnoori@triumf.ca, cbabcock@triumf.ca

The design, development, and offline performance evaluation of hermetic target vessels and pro-
totype target—ion source assemblies for both the electron and proton target stations at TRIUMF’s
ARIEL facility are presented. These systems, along with their surrounding infrastructure, are engi-
neered to withstand the extreme thermal and radioactive environments associated with high-power
driver beam operation.

Offline characteristic tests were conducted at ARIEL’s Target and Ion Source Acceptance (TISA) test
stand to investigate the thermal response of the hermetic target vessel, the target—ion source assem-
bly, and supporting infrastructure. In addition, several rounds of coupling tests were performed to
evaluate the mechanical integration, alignment, and service connectivity between the hermetic tar-
get vessel and the surrounding systems. These experimental activities enabled benchmarking and
validation of the system’s thermal and mechanical performance.

In parallel, multiple thermal analyses were performed using ANSYS to simulate both steady-state
and transient conditions, supporting design verification and optimisation. The combined experi-
mental and simulation results have informed design improvements, enhancing the reliability and
performance of these systems for future isotope production. The first online operation of ARIEL’s
hermetic target vessels and target—ion source assemblies is anticipated in 2027.
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An FPGA-based timing system for MRTOF
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Multireflection time-of-flight mass spectrographs (MRTOF-MS) are essential tools for high-precision
mass spectrometry of short-lived nuclides. Three such devices are currently in online operation at
the GARIS, BigRIPS, and KISS facilities of RIKEN RIBF, enabling accurate mass determinations of
exotic nuclides such as Ti-58 [1], Db-258 [2], and U-241 [3], and others [4]. A key component of the
MRTOF system is the timing sequencer, which controls the entire sequence of measurement opera-
tions. We have developed a universal, programmable pulse generator based on a field-programmable
gate array (FPGA), enabling the execution of advanced measurement protocols. This system supports
sophisticated methods such as concomitant referencing [5], ion-bunch stacking, the In-MRTOF mass
filter [6], and rare-event veto triggering [7]. In this presentation, we report on the pulse-train for-
malism required for these applications and its implementation using an FPGA device.
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At the Research Center for Nuclear Physics (RCNP), Osaka University, the ONOKORO project is
underway to systematically investigate cluster knockout reactions. Previous measurements of the
Sn(p, pat) reaction have provided experimental evidence for a-cluster formation at the surface of
heavy nuclei. In this program, a double-arm spectrometer setup is employed, consisting of the Grand
Raiden spectrometer and a large-acceptance spectrometer. The latter is used to detect cluster-emitted
particles; however, its optical parameters were not fully determined, necessitating a dedicated opti-
cal analysis for optimization.

To establish the optical characteristics of the large-acceptance spectrometer under the same condi-
tions as the main measurements, we performed a calibration experiment using the 12C(p, pa) reac-
tion. The energy calibration on the Grand Raiden side was carried out using elastic scattering of
protons from a Pb target. With the energy of the emitted o particles from the 12C(p, par) reaction
being well known, we reconstructed the emission angles at the target by analyzing the focal plane
position and incident angle, using the information from a sieve slit placed at the spectrometer en-
trance.

This procedure enabled the full reconstruction of the a-particle momentum vector. Combined with
the momentum of the recoiling proton, the momentum distribution of the a cluster inside the nu-
cleus was derived via momentum conservation. In this poster, we present the optimized optical
parameters of the large-acceptance spectrometer and the resulting momentum distribution spectra
obtained from the calibration reaction.
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A tiny time-projection chamber (Mini TPC) has been developed for tracking beam particles in the
active target. CAT-M consists of a large TPC and twelve silicon strip detectors, and which is designed
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for missing mass spectroscopy using high-intensity (~ 10° particles per particle) heavy-ion beam
inverse kinematics, aim to determine nuclear matter equation of state. Recently a dipole magnet
has been introduced inside the field cage of the TPC. Although a large number of delta electrons
can be eliminated by the dipole magnet, the beam trajectory cannot be measured with the original
structure. The Mini TPC was installed inside the CAT-M chamber, positioned as close as possible to
the main TPC to measure beam trajectories precisely.

The Mini TPC, which has an active volume of 42 x 28 x 12 mm?, consists of a field cage, THGEM-
based amplification stages, and a readout pad array. The field cage, with a total volume of 60 X
50 x 28 mm?, forms a uniform electric field using PCB-mounted electrodes and a three-layer wire
configuration. The electric field distortion was confirmed to be less than 0.6\% through simulation.
Ionized electrons are amplified by two stacked THGEMs with 200 pm hole diameter and 500 pum
pitch. The readout electrode employs equilateral triangular pads, and position reconstruction is
performed using charge-weighted centroids and drift time.

Performance tests were conducted with high-intensity beams exceeding 106 particles per particle.
By combining the Mini TPC with SR-PPACs, its position resolution was evaluated, achieving ap-
proximately 600 pm in the X-direction and 400 pm in the drift direction. The Mini TPC also enabled
the estimation of beam pile-up corrections. In this presentation, we will introduce the design and
performance of the Mini TPC developed for high-intensity beam tracking.
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Feasibility Simulation of Spin-Controlled Radioactive Ion Beams
Production for g-factor measurement at HIRIBL, HIAF.
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The High-Intensity Heavy-Ion Accelerator Facility (HIAF), developed by the Institute of Modern
Physics (IMP), is scheduled to operate by the end of 2025. HIAF comprises a superconducting linac,
a booster ring, a spectrometer ring, and a High-rigidity Radioactive Ion Beam Line (HIRIBL) con-
necting these two rings [1]. HIRIBL is an in-flight projectile fragment separator designed to produce
purified radioactive ion beams (RIBs) through a two-stage separation process: a pre-separator and a
main separator [2]. The upstream accelerator complex provides HIRIBL with a 233U%>* beam at an
energy of 833 MeV/u with an intensity of 1x10*! particles per pulse (PPP).

This facility makes it possible to produce spin-controlled RIBs by a two-step projectile fragmentation
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(PF) mechanism [3], providing unique opportunities for g-factors measurement. Measurements of
g factors can help to assign or confirm the spin and parity of a nuclear state, especially in far-from-
stability regions, where such assignments are often based on systematics and theoretical predictions.
Since it is the first time to perform such an experiment at the new facility, a simulation work is de-
manded and important to evaluate the feasibility of producing polarized RIBs at HIRIBL. To do the
simulation, LISE++ and MOCADI are employed. A 233U3°*" primary beam is designed to impinge
on a Carbon target. The pre-separator of HIRIBL is used to separate the fission products and select
1328n, which subsequently undergoes projectile fragmentation on a wedge-shaped Aluminum target
to produce spin-aligned '°Sn. LISE++ is used to calculate the transmission and yields of fragments
produced and collected, including the optimization of the primary target thickness, degrader thick-
ness, and slit width [4]. Additionally, it provides rapid estimations of the transmission efficiency and
yield of various isotopes based on first-order beam optics transfer matrices. The MOCADI program
is also employed to perform transport calculations of RIBs, incorporating third-order transfer matri-
ces generated by the GICOSY program. This allows for detailed tracking of beam particle properties
at any point within the optical system and provides a more realistic representation of particle beam
dynamics compared to LISE++ [5].

The simulation results show that the obtained '3°Sn yield achieves the expected goals, confirming
the feasibility of producing spin-controlled RIBs at HIRIBL and providing valuable guidance for ex-
perimental design.
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Proton-neutron pair correlations in neutron-rich nuclei is one of the attractive topics relating to the
structure and dynamics in largely-different-scale nucleon many body systems, nuclei and neutron
stars. To investigate such correlations, we are aiming for extracting isoscalar and isovector proton-
neutron transfer strengths in neutron-rich nuclei via the proton-neutron transfer reactions such as
(*He,°Li), (*H,*He) at a low incident energy around 25-MeV/nucleon at forward angle using mag-
netic spectrograph such as Grand Raiden or Large Acceptance Spectrometer at RCNP. The scattered
particles are measured with multi-wire drift chambers (VDC) and plastic scintillators located in the
air. However, they are of low momentum, requiring a small material budget for the particle identifi-
cation. Presently, the outgoing SLi particles stop in the first layer of the plastic scintillator and then
the charge information from the VDC is required for the particle identification. Although this works,
the operation voltage of the VDC should be carefully tuned. For easy and efficient particle identifica-
tion, a smaller material budget is required. In addition, the magnetic rigidity of inelastically scattered
beam particles is very close to that of the outgoing particles of interest, resulting in very high-rate
particles at the focal plane. Therefore, a new scintillation detector is needed with low material con-
tent that can withstand the injection of low-energy particles at a rate of over one million per second.
To cover the large area at the focal plane of the spectrograph, for example 1000 x 250~mm? with-
out the dead space, a large thin monolithic scintillation detector is required. In order to reduce the
crosstalk among the photon sensors, many multi-pixel photon counters (MPPCs) will be placed on
the longer side of the detector. The position of the MPPCs should be optimized from the viewpoint
of the charge resolution, time resolution, multihit discrimination capability and position resolution.
In this talk, the planned detector setup for the proton-neutron pair transfer reaction measurement
and the details of the scintillation detector are introduced and the optimization of the MPPCs by
using the Monte Carlo simulation will be discussed.
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TATTOOS (Targeted Alpha Tumor Therapy and Other Oncological Solutions) offers the potential
to produce radionuclidically pure radioisotopes towards radiopharmaceutical applications, revolu-
tionizing cancer diagnosis and treatment. The facility plans to utilize a portion (100 pA) of the high-
intensity (~2.4 mA), high-energy (590 MeV) proton beam from the ring cyclotron at Paul Scherrer
Institute’s High Intensity Proton Accelerator (HIPA) facility, combined with dedicated high-power
spallation targets, to produce radionuclides. The proton beam impinging on the joule-heated target
results in a spallation reaction. Nonselective surface ionization or selective laser resonance ioniza-
tion occurs inside an ionizer tube directly attached to the target. These ions are extracted by high
voltage fields and guided towards the online mass separation using a dedicated dipole magnet.

The ion optical extraction geometry has a significant impact on beam parameters and, consequently,
on ion beam transport efficiency as well as on the achievable resolving power of the mass separation.
The analysis of ion trajectories defines the beam quality that can be translated into the emittance
and the energy spread of the beam. Studies on TATTOOS’s proposed ion beam extraction were
performed, simulating the effect of ionization via either surface or laser or a combination of both
being investigated. Optimum ionizer and ion extraction designs, based on these simulations, will
be presented. Furthermore, the envisaged laser infrastructure as well as the beam transport with
respect to the layout of the future TATTOOS building and the proposed arrangement of target and
ion beamline will be presented.
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The high-intensity beams available at RIBF provide new opportunities for precision missing-mass
spectroscopy with reactions using primary ion beams. One of the essential techniques to achieve ex-
cellent missing-mass resolution is the realization of dispersion-matched ion optics, which minimizes
the effects of the momentum spread of the incident beams. We have developed a dispersion-matched
ion-optical mode for the entire system —from the SRC cyclotron and beam transport line, reaction
in the target, to the BigRIPS spectrometer—and established a practical tuning procedure. This mode
was successfully applied in two experiments conducted in 2021: one for spectroscopy of deeply-
bound pionic atoms and the other for the search for double Gamow-Teller giant resonances. In this
contribution, we summarize the design, development, and operational performance of this newly
established dispersion-matched ion-optical mode.
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Isotope Separation Online (ISOL) facilities produce purified radioactive isotope beams (RIBs) for ap-
plications in fundamental research, solid-state physics, biology and medicine. As part of the first
phase of the MYRRHA program at SCK CEN, an ISOL facility is being developed to operate with a
high-power 100 MeV proton beam (with intensities up to 500 pA). This study focuses on optimizing
non-actinide-based target materials for efficient isotope release at extreme temperatures (22000 C).
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High porosity (over 30%) targets with a micrometric or even nanometric grain size (<10 um, down
to 100 nm) are crucial to enhance the diffusion and release of refractory isotopes.

Mechanisms that hinder sintering are essential to maintain the stability of these materials at high
temperature to ensure that the RIB yield doesn’t decrease during operation. These mechanisms typ-
ically focus on reducing the coordination number of the target material grains, e.g. tuning the parti-
cle shapes and/or the addition of a non-soluble, chemically inert and high melting point secondary
phases (e.g. carbon). In this work, various carbon sources were evaluated for their effectiveness in
the carbothermal reduction of oxide materials to produce porous carbide ISOL targets. Carbon black,
expanded graphite, graphite, multi-walled carbon nanotubes (MWCNTs), and carbon aerogels, were
tested as reducing agents and pore formers to maintain high porosity volumes at high temperatures.
These carbon materials were mixed with ZrO, (to form ZrC), TiO, (to form TiC), and NbC, followed
by a carbothermal reduction or heat treatment up to 2000°C demonstrating their potential in tailor-
ing material properties and stability at extreme temperatures for optimized isotope release.
Additionally, pore formers were added to the starting powder mixtures to realize additional poros-
ity during the thermal treatment. ZrO2 for example was mixed with ammonium bicarbonate (AB)
and graphitic carbon nitride (g-CN). The effects of these pore formers on the porosity and density
after thermal treatment were investigated. The results indicate that g-CN is most effective in re-
ducing density, while AB generates large irregular pores. The findings from this study highlight
the potential for fine-tuning porosity and density in ZrO2, TiC, NbC and ZrC target materials, con-
tributing to the development of the next-generation ISOL targets for improved isotope production
and release.
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The ARIEL High Resolution Separator at TRIUMF is designed to have a mass resolving power of
20000 for an accepted emittance of 3pm x 6pum. Two 90° dipoles serve as the separating elements,
with multipole correction between them to improve the preservation of emittance. At the entrance
and exit, the ion beam envelope is magnified by quadrupoles to ease mechanical requirements of the
slits which define the beam and separate species at the exit. The primary diagnostics for evaluating
beam quality are emittance scanners at the entrance and exit of the separator, as well as scanning
slits to provide the beam profile. To ensure acceptable transmission, these diagnostics must provide
sufficient detail to confirm properly tuned beam optics, as well as information about unavoidable
aberrations which must be mitigated to achieve the design acceptance. Here we discuss the precision
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required of the diagnostics, strategies for how to achieve it, and methods by which they are used to
improve the quality of separation.
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Superheavy elements edge the limits of matter’s existence. Their extreme proton content presents op-
portunities to explore fundamental questions across chemistry, atomic physics, and nuclear physics.
For instance, we ponder how enhanced relativistic effects impact atomic structure and chemical prop-
erties, or how nuclear shell effects evolve under such extreme conditions. Yet, the journey to uncover
these answers is fraught with challenges. Typically, only a handful samples of such elements are pro-
duced each day or even less. These conditions drives continuous innovation in instrumentation and
development of new methodologies, especially pushing for higher experimental sensitivity.

In my presentation, I will show the novel avenues under construction at Barkeley Lab to probe heavy
and superheavy elements though modern precision spectroscopy techniques. The new project, Ad-
vanced Electrostatic Trap for Heavy Element Research (AETHER), will initially focus on measuring
nuclear binding energies with precision mass spectrometry, aiming to address nuclear structure
questions at the upper end of the table of nuclides. Looking ahead, we plan to capitalize on the re-
markable sensitivity recently demonstrated by the Multi Ion Reflection Apparatus for Collinear Laser
Spectroscopy (MIRACLS) methodology to achieve groundbreaking measurements of electron affini-
ties for rare elements —an essential atomic property that remains unknown across approximately
one-third of the periodic table.
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The forthcoming DESIR facility will soon open new perspectives for low-energy nuclear physics
experiments at GANIL. Radioactive ion beams from SPIRAL1 and S facilities, including very exotic
isotopes produced at competitive rates for dedicated studies, are set to be delivered at low energy,
low emittance and with high purity to various mass measurement, decay spectroscopy or laser spec-
troscopy experiments.

Two setups currently developed at LP2i Bordeaux are key parts of this objective. BuRI-To (“Bunching
Radioactive Ions To***”, known as “GPIB”while it is being commissioned in Bordeaux) is a radiofre-
quency quadrupole cooler buncher to be installed at the entrance of the DESIR hall. It will deliver
either continuous or bunched beams, with low emittance and high efficiency, adapted to the specific
needs of each experiment (adapted bunch length, energy dispersion, etc.).

Also under development at Bordeaux, PIPERADE (« Pléges de PEnning pour les RAdionucléides a
DESIR ») is a double Penning trap which has a double purpose in the DESIR hall. Located shortly
downstream of BuRI-To, it will allow high-resolution mass purification of the radioactive ion beams,
with resolving powers up to 10<sup>7</sup>. This enables the separation of low-lying isomeric
states from their ground states and therefore allows isomerically-pure beams to be exploited by
the downstream experiments in the DESIR hall. In addition, PIPERADE is also designed for high-
precision mass measurements with the use of Time-of-Flight Ion-Cyclotron Resonance (ToF-ICR)
and Phase-Imaging Ion-Cyclotron Resonance (PI-ICR) techniques.

This presentation will provide an overview on the commissioning work on both setups in Bordeaux,
before their move to GANIL planned to start in 2026.
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Resonant ionization laser ion sources (RILIS) are highly efficient, element selective ion sources that
are simple to implement at radioactive ion beam facilities, as the ion source’s complexity is far re-
moved from the high radiation, high temperature environment of the ISOL target & ion source region.
With modern solid state laser technology a RILIS can operate reliably for the duration of week long
RIB experiments with minimal supervision and intervention.

By now the RILIS at TRIUMF's isotope separator and accelerator facility provides about 75% of all
requested RIB species on a 24/7h operational basis —with isotopes from 43 elements already success-
fully delivered and 13 elements ready for on-line yield measurements and beam delivery.

For the additional proton target station and photo-fission target stations, which will extend the RIB
program at ISAC to up to 3 simultaneous beams to experiments, two additional RILIS are planned.
One of these has been funded —and will be implemented in 2026. This RILIS will provide laser beams
via an optical switch-yard to either the proton or the photo-fission target station. The third RILIS
is planned to be added in the 2030 funding cycle, to provide fully independent RILIS capability and
simultaneous operation on all 3 target stations.

The operational experience and developments with the current RILIS and its impact on the design
and realization of the new ARIEL RILIS will be discussed.
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Tackling the increasing challenge to determine the mass of isotopes having low production yields
and short half-lives, multi-reflection time-of- flight (MRTOF) mass spectrometry has grown from an
initially rarely-used technology to the world’s most commonly-used method for measurements with
a relative mass precision down to §m/m = 1078, This technology has been developed at RIKEN’s
RIBF facility for about two decades in combination with gas-filled ion catchers for low-energy access
of isotopes produced by the in-flight method.

In the recent years, three independent systems operating at different access points at RIBF, have
provided substantial data in the medium- and heavy-mass region of the nuclear chart, reaching out
to the superheavy nuclides. Recent achievements like high mass resolving power [1] followed by
the development of a/B-TOF detectors [2] and in-MRTOF ion selection have tremendously increased
the selectivity of the systems. The combined application allows for background-free identification
of the rarest isotopes. In this contribution, I will give a short overview about the success of MRTOF
atomic mass measurements using BigRIPS in the recent past [3-5], and report new achievements
from 2024. I will discuss the instrumentation plans, with a view to future MRTOF systems in other
facilities of East Asia, and the combination of mass measurements with established setups for 8 —
spectroscopy using a through-beam gas cell.
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Probing the silver isotopic chain with mass- and laser spectroscopy
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A campaign of measurements has been performed at the IGISOL facility, Accelerator Laboratory
of Jyvaskyld, exploring a long chain of silver isotopes resulting in measurements of charge radii,
electromagnetic moments, spins, masses and excitation energies [1,2]. Different production mech-
anisms have been used, including fission, light- and heavy-ion fusion-evaporations. By combining
different experimental techniques (gas cell and hot cavity), we have been able to probe the evolution
of nuclear structure between the two neutron shell closures, N = 50 and N = 82.

Collinear laser spectroscopy has been performed on 113-123Ag, while in-source resonance ioniza-
tion spectroscopy has explored neutron-deficient isotopes from 95Ag to 104Ag, crossing the N = 50
shell closure for the first time [3]. High-precision mass measurements across the same range of neu-
trons with the JYFLTRAP Penning trap mass spectrometer, combined with the laser spectroscopy
data, allow for unambiguous ordering of nuclear states, with implications for earlier nuclear decay
spectroscopy measurements. A new isomeric state was found in 118Ag and the atomic mass of
95Ag has been directly determined for the first time. The experimental data has provided stringent
tests for theoretical calculations, including energy density functionals and state-of-the-art ab initio
calculations [4].

Recently, we have performed studies on the N = Z nucleus 94Ag. In the first experiment, we ad-
dressed a long-standing puzzle in the nature of the high-spin (21+) isomeric state, questioning the
conclusions raised in work published almost 20 years ago [5]. This achievement required a combi-
nation of all techniques available at the facility, resulting in almost background-free spectroscopy
with rates below 1 ion every 10 minutes. A second experiment then attempted to explore the charge
radius of the isomeric state. The same methodology has also been applied to the neighboring N =
Z 92Pd, and we keenly await the opportunity to apply our techniques to explore the doubly magic
self-conjugate N = Z nucleus 100Sn in the coming years.

This presentation will summarize the results from this extensive campaign and highlight future
plans.
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Unitarity tests of the Cabbibo-Kobayashi-Maskawa (CKM) quark mixing matrix offer unique insight
into the electroweak part of the Standard Model. A reliable unitarity test of this matrix requires a pre-
cise and accurate value of the largest element, V,,4. Recent improvements to a theoretical correction
term have prompted the need to extract V,,4 from a larger subset of nuclei including superallowed
beta-transitions between nuclear mirrors. Extracting V,,4 from these transitions requires the chal-
lenging determination of the Fermi to Gamow-Teller mixing ratio, p. To this end, the Superallowed
Transition BEta- NEutrino Decay Ion Coincidence Trap (St. Benedict) is currently being commis-
sioned at the NSL which aims to extract p via a measurement of the ToF spectra of the recoiling
daughter from several mirror transitions ranging from 'C to *!Sc. Motivation and overview of
St. Benedict along with results from the first delivery of radioactive ion beams, will be presented.
This work is supported by the US National Science Foundation under grant numbers PHY-1725711,
2310059, and the University of Notre Dame.
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Separation of rare isotopes is of high relevance for a multitude of different applications ranging from
the half-life determination of the cosmogenic radionuclide ®>Mn for MeaNCoRN [1], over decay mea-
surements of °°Fe for the EMPIR Prima-LTD project [2], 1> Tb for studies of nuclear data at the PTB
[3], the precise measurement of the decay spectrum of *®3Ho for neutrino mass determination in
the ECHo project [4], ??°Ra as a primary 2??Rn emanation standard for the PTB [5], to the use of
actinide tracers in environmental sample analysis with accelerator mass spectrometry (AMS). At the
30 keV off-line RISIKO mass separator of the Johannes Gutenberg University in Mainz isotopically
pure ion beams of radioisotopes of a multitude of elements can be produced via element-selective
resonance ionization with subsequent mass separation in a 60° sector field magnet. These isotopi-
cally pure ion beams can then be implanted into target foils with low resputtering rates or focused
onto micro absorbers with an area well below 1 mm?.

In this contribution, the recent activities in the purification of radioisotopes will be presented. Based
on the successful implantation of *Fe into micro calorimeters [6] an extension of the program to-
wards collection of actinide isotopes on target foils was started on 2*3Cm as tracer for environmental
samples. In addition, the isotope separation and purification of 235Np is foreseen. In preparation of
these separations the overall efficiencies at the RISIKO mass separator were determined for different
actinides to be well above 10 % applying two-step laser ionization processes.

For accurate quantification of the separated sample amounts a new and improved Faraday cup design
was developed and characterized over the accessible element range from Z = 13 to Z = 92. Compar-
ative measurements between the traditional and the new Faraday cup design show a significantly
underestimated ion current in the previously used Faraday cup design, caused primarily by field
ionization of sputtered neutral particles. Low level analyses of the separated >*3Cm sample by AMS
at ANSTO, Sydney, Australia, validates the accuracy of the new Faraday cup design.

[1] R Dressler et al., J. Phys. G: Nucl. Part. Phys. 39 105201 (2012)

[2] M. Miiller et al., Journal of Low Temperature Physics 214:263-271 (2024)

[3]]. Riffaud et al., Applied Radiation and Isotopes 211 (2024)

[4] L. Gastaldo et al., Eur. Phys. ]J. Spec. Top. 226, 1623-1694 (2017)

[5] F. Mertes et al., Applied Radiation and Isotopes 156 (2020)

[6] T. Niemeyer et al. Applied Radiation and Isotopes 218 (2025)
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The growing demand for more intense and diverse exotic beams has driven the development of a new
high-temperature ISOL (Isotope Separation On-Line) target for the SPIRAL1 (Systeme de Production
d’Tons Radioactifs Accélérés en Ligne) facility at GANIL (Grand Accélérateur National d’Tons Lourds).
The primary objective is to enhance the production yields of several radioactive isotopes of physical
interest while ensuring compatibility with the thermal and mechanical constraints of the Target-Ion
Source System (TISS).

Currently, radioactive isotopes at SPIRAL1 are produced using primary beams ranging from '2C to
238U (< 95 MeV/u, < 2 x 10'3 pps), impinging on a graphite target to induce beam fragmentation.
To improve the production efficiency and expand the isotope diversity, alternative target materials
are being investigated to replace graphite. This new target material will be used with a 2C primary
beam to induce target fragmentation.

Several candidate materials—including Nb, ZrO,, and YoO3—were selected based on bibliographic
research of ISOL target materials and theoretical estimations of isotope production cross-sections.
Their suitability is being assessed by analyzing diffusion and effusion characteristics using literature
data. Numerical simulations will be carried out using a parametric thermal model developed in
ANSYS to evaluate the steady-state temperature distribution within targets of different geometries
and compositions. These simulations will provide an insight into the expected release efficiencies
as the produced isotope effusion and diffusion depend of the material properties, thermal gradients,
microstructure and geometry of the target. In parallel, high-temperature stability and chemical
compatibility of the selected materials are being investigated to ensure reliable operation under
SPIRAL1 conditions.

Based on these studies, a prototype target will be co-designed in collaboration with GANIL’s mechan-
ical engineering division. This prototype aims to experimentally validate the thermal and mechanical
performance of the proposed materials under realistic irradiation conditions. Iterative optimization
informed by simulation data will guide the final geometry design.

This development is a key component of the broader effort to expand GANIL’s radioactive ion beam
capabilities. It supports the long-term objective of delivering a wider range of exotic beams for
nuclear physics and interdisciplinary research, including future experiments at the SPIRAL2-DESIR
low-energy facility.
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The online commissioning experiments of CLaSsy, a Collinear Laser Spectroscopy setup at RAON,
were conducted at the end of 2024 with KNUE and CENS collaborators, observing the optical D1 and
D2 transitions for sodium isotopes (2! Na, 22 Na and 22 N a). The isotopes were provided in the form
of bunched beams with a repetition rate of 10 Hz using the Radio Frequency Quadrupole-Cooler
Buncher (RFQ-CB) at the ISOL facility at RAON. The collinear and anti-collinear geometries were
alternately employed to measure the fluorescence spectra as a function of the acceleration voltage
of the post accelerator. As a result, the input ion beam energy was precisely measured from Doppler
shifts of the two spectra in different geometries. The kinematic compression of Doppler broadening
at ~20 keV beam energy provided a sufficient spectral resolution to observe the hyperfine structure of
the 29; /2 ground state and the 2P /2 excited state, whereas the resolution for the hyperfine splitting

of the 2P, /3 excited state was limited. To improve the spectroscopic resolution, a high-resolution
laser spectroscopy with two independent laser beams in a combined collinear and anti-collinear
geometry has been under development. In this talk, we present the commissioning results and an
outlook on future experiments of CLaSsy.
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Commissioned in 1969, the Leuven Isotope Separator (LIS) was extensively used for radioisotope
implantation and Mdssbauer spectroscopy in solid-state research [1]. After years of inactivity, efforts
to bring the machine back to operational status began in 2020 [2].

Reviving a decades-old radioactive machine proved far from straightforward. Unexpected radioac-
tive hotspots, undocumented modifications, and degraded components made the project resemble
an archaeological excavation as much as a technical undertaking. In recent years, significant up-
grades have been implemented, including adaptations to integrate target ion source units developed
at ISOLDE-CERN, modernising the system and expanding its capabilities. The machine is foreseen to
be used for ion source development and mass separation of stable and long-lived species for material
enrichment [2,3].

Despite numerous challenges, LIS successfully delivered its first beam in over a decade during the
summer of 2024. In this contribution, we present the current status of the separator and share the
lessons learned during the revival process.

[1] A. Nylandsted Larsen et. al “Méssbauer studies on damage sites on isotope-separator-implanted
impurity samples in silicon”Journal de Physique Colloques, 1976, 37 (C6), pp.C6-883-C6-887.

[2] W. Wojtaczka et al. “Reconditioning of the Leuven Isotope Separator as a test bench for radioac-
tive ion beam development.”Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 541 (2023): 399-401.

[3] M. Heines et al. “Muonic x-ray spectroscopy on implanted targets” Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 541 (2023):
173-175.
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A quartet of short-lived terbium isotopes, 1491}, 152Th, 155Th and '61Tb, has been identified to
have complementary decay characteristics with a unique potential to cover all modalities of nuclear
medicine in both therapy and diagnostics [1]. Of particular interest is the alpha-emitter, 14°Tb, which
could fill the gap in targeted alpha therapy. However, the production of these isotopes, aside from
reactor-produced ! Tb, remains challenging, with current methods unable to meet the demands of
sustained preclinical research [2].

The Isotope Separation On-Line (ISOL) technique is currently the only method capable of producing
enough activity of 4°Tb, 2Tb and '*Tb with high enough radioisotopic purity for development
of terbium-based radiopharmaceuticals [2]. However, because terbium is non-volatile, it is notori-
ously difficult to extract as an ion beam with sufficient intensity and purity. As a result, terbium
isotopes are currently produced indirectly through the extraction of laser-ionized dysprosium [1].
The development of isotope extraction via molecular sidebands offers a promising pathway to ac-
cess non-volatile elements, such as terbium, that are otherwise difficult to extract directly from the
target [3-5].

In this work, we report on systematic studies of terbium fluoride beams performed at CERN-ISOLDE,
using a tantalum target coupled to a hot plasma ion source with the injection of reactive tetrafluoro-
methane (CF4) gas. The ion beam composition was investigated as a function of target, ion source,
and gas injection conditions to optimise the terbium fluoride beam delivery. To gain insight into
the underlying physics processes, the extended isotopic chain between masses A=144-168 was ex-
plored, as well as other lanthanides in this mass range. Beam composition identification and yield
measurements were primarily conducted using the ISOLTRAP MR-ToF MS [6], complemented by
offline gamma and alpha spectrometry. Moreover, these studies provided valuable information on
the behaviour of other lanthanide beams.

The future of large-scale terbium isotope production lies in the optimization of extraction techniques
which can be applied at emerging facilities such as ISOL@MYRRHA and TATTOOS@PSI. The pre-
sented work is a part of ongoing efforts to optimise production of terbium radionuclides for clinical
and preclinical applications.

[1] C. Miiller et al. “A unique matched quadruplet of terbium radioisotopes for PET and SPECT and
for a-and B-radionuclide therapy: An in vivo proof-of-concept study with a new receptor-targeted
folate derivative.”Journal of nuclear medicine 53.12 (2012): 1951-1959.

[2] N. Naskar and S. Lahiri. “Theranostic terbium radioisotopes: challenges in production for clinical
application.” Frontiers in medicine 8 (2021): 675014.

[3]J. Ballof “Radioactive molecular beams at CERN-ISOLDE.” CERN PhD Thesis (2021).

[4] M. Au et al. “Production and purification of molecular 225Ac¢ at CERN-ISOLDE.” Journal of Ra-
dioanalytical and Nuclear Chemistry 334.1 (2025): 367-379.

[5] M. Au et al. “In-source and in-trap formation of molecular ions in the actinide mass range at
CERN-ISOLDE” Nuclear Instruments and Methods in Physics Research Section B: Beam Interac-
tions with Materials and Atoms 541 (2023): 375-379.

[6] R. Wolf et al. “ISOLTRAP’s multi-reflection time-of-flight mass separator/spectrometer”, Inter-
national Journal of Mass Spectrometry Volumes 349-350, 1 September 2013, 123-133
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The Isotope Separation On-Line (ISOL) technique has enabled advances in many fields spanning in
nuclear, atomic, molecular, solid-state and medical physics by producing radioisotopes at facilities
like CERN ISOLDE and the emerging ISOL@MYRRHA. Tuning these facilities is a complex task
that requires manual intervention by experienced operators, a process that is often time-consuming
due to the many parameters involved. In recent years, optimization algorithms have emerged as
effective tools to support this tuning process. Among the key tuning tasks, the adjustment of ion
source parameters plays a crucial role in maximizing the yield of the extracted ion beam. Since
modifications to the ion source parameters can affect the beam energy and emittance, automatic
re-tuning of the transport beamline parameters is required to ensure that beam intensity and shape
performance criteria are satisfied. In this study, a nested optimization approach is proposed, utilizing
Gaussian processes and Bayesian optimization to maximize the beam intensity of a selected isotope
or molecule. Developed for ISOL@MYRRHA at SCK CEN and implemented in its ISOL offline system,
the method was experimentally validated at CERN’s ISOLDE Offline 2 facility by maximizing the
intensity of various isotopes across different operation parameters.
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The BigRIPS in-flight separator [1] at RIKEN RIBF, which began operation in March 2007, has pro-
vided a substantial variety of radioactive isotopes (RIs) as beams over a wide nuclear region, from
light-mass ions to heavy Rls around U isotopes [2, 3].

The system features a two-stage configuration of achromatic separation and large ion-optical accep-
tance.

In addition, by using state-of-the-art radiation detectors to obtain hit timing, beam tracking, and en-
ergy loss information, RI beam particle identification is performed with a high degree of accuracy.
The beams delivered to various experimental devices have been used for studies in nuclear physics,
astrophysics, and social issues related to Rls.

The in-flight RI separator is used worldwide to produce rare Rls far from the beta stability through-
out the nuclear chart.

The efficacy of in-flight fission reactions of 233U or fragmentation reactions of stable nuclei located
near the target RI was well demonstrated to achieve this purpose.

To obtain a large production of exotic nuclei, the following are often discussed as common problems:
First, there is a problem of how to manage the heat load and radiation damage from high-power and
high-intensity primary beams in the production target and the beam dump.

Second, the question arises of how to achieve a high transmission of exotic nuclei while maintaining
a high resolution for particle identification.

Third, the reduction of contaminating RI beams, where lighter RIs and intense neighboring nuclei
are large compared to the target RI for experimental study is of great concern.

Fourth, unique problems may arise depending on the nuclear region of the produced beam. For exam-
ple, charge states are easily mixed in the heavy nuclei region, and we have experienced unexpected
background produced in proton-rich RI beams.

At BigRIPS, we have worked to continuously improve on the above difficulties and have challenged
ourselves to achieve a synergistic improvement in spectrometer performance.

Achievement of such advances has facilitated our ability to effectively access new nuclear regions
and occasionally detect new isotopes.

In this presentation, an overview of the recent enhancements to our achievements and the future
prospects for further development of our in-flight separator will be provided.

[1] T. Kubo, Nucl. Instr. Meth. B 204, 97 (2003).
[2] Y. Shimizu et al., RI-Beam Yield Database. https://ribeam.riken.jp.
[3] C. Fukushima et al., RIKEN Accel. Prog. Rep. 56 (2023) 5.
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The LAMDBA detector in the neutron capture reactions
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The LArge-scale Modular BGO Detection Array (LAMBDA), as its current prototype, consists of 49
modules of BGO crystals with the size of 60 x 60 x 120 mm3. It both has excellent full-energy peak
efficiency and acceptable energy resolution for gamma-ray under several MeV. It could work for
multiple nuclear physical experiments by using the total absorption gamma-ray spectroscopy. We
carry it to perform the first f-Oslo experiment in China to measure the reaction rate of Fe59(n,g).
The 60Mn beam is produced by the Lanzhou Radioactive Beam Line and delivered to center of de-
tector and beta-decay to Fe60. The LAMBDA detects the matrix of individual gamma energy VS
the excitation energy, then the nuclear level density and gamma strength function of the compound
Fe60 can be extracted. By implementing these two quantities, the reaction rate can be obtained by
Hauser-Feshbach model. I will introduce the characteristic of LAMBDA, some features in the data
analysis and preliminary experimental results of Fe59(n,g).
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Recently, the collinear laser spectroscopy (CLS) apparatus, called CLaSsy, has been successfully com-
missioned, which has been tested by using the Na isotopes from the ISOL facility at RAON. The
spectroscopic resolution achieved has been sufficient to resolve the D1 line hyperfine structure of
the 25, /2 ground state and the 2p, /2 excited state, while limiting the measurement of the hyperfine
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splitting of the ?Pj, state in the transition of the D2 line. For the precise measurements of nu-
clear magnetic and quadrupole moments, the spectroscopic resolution requires resolving hyperfine
structure splitting below 100 MHz regime, which is ultimately limited by Doppler broadening. In the
conventional collinear laser spectroscopy, the kinematic compression of Doppler-broadening effects
provides the spectroscopic resolution down to experimental linewidths of about 100 MHz, which is
limited by the beam energy and the energy spread of the CW/bunched ion beam sent to the CLS
beamline.

The combination of collinear and anti-collinear geometry offers additional benefits that allow the
high precision measurement by the ion beam energy calibration and high-resolution laser spec-
troscopy close to the natural linewidth of the transition. Since the accelerated ion/atom beam is
overlapped with the laser beam, optical resonance occurs when the Doppler shifted laser frequency
depending on the collinear and anti-collinear geometry is tuned to the atomic resonance frequency.
By comparing the spectroscopic signals from the different geometry, the ion beam energy can be cal-
ibrated, which allows precise measurement of the isotope shift. On the other hand, high-resolution
Doppler-free laser spectroscopic measurement can be achievable when the two laser beams from
different geometry are used together at the same time, by selecting the velocity group contributing
to the ion/atom-light interaction. Here, we will present this proposed technique for high-resolution
laser spectroscopy in the CLS beamline as well as future experimental plans.
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Next-generation in-flight radioactive isotope (RI) beam facilities, including the RIKEN Radioactive
Isotope Beam Factory (RIBF), the Facility for Rare Isotope Beams (FRIB), and the upcoming Facility
for Antiproton and Ion Research (FAIR), primarily use two reaction mechanisms: in-flight fission for
medium-mass neutron-rich isotopes and projectile fragmentation for high-purity RI beams near the
projectile. The BigRIPS superconducting in-flight separator [1] at RIBF has become a global leader
in RI-beam production, combining high-intensity heavy-ion beams with outstanding separation ca-
pabilities, resulting in the discovery of nearly 200 new isotopes.
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Producing heavy neutron-rich isotopes around and beyond the neutron magic number N=126 re-
mains challenging due to high atomic numbers, multiple charge states, and low production cross
sections. To overcome this, we recently produced neutron-rich isotopes with Z=80-90 via projectile
fragmentation of a 345 MeV/u U beam on a beryllium target, supported by advanced detectors and
detailed simulations. For in-flight separation, the — method was used, where is the magnetic rigidity
and is the energy loss in degraders. Angular slits effectively suppressed fission fragments by exploit-
ing their broader angular distributions. Careful charge-state selection before and after BigRIPS focal
planes ensured high transport efficiency and purity.

Particle identification was performed using the TOF- method [2], where TOF is time-of-flight. A
newly developed xenon-filled ionization chamber [3] enabled precise measurements and accurate
identification in the heavy mass region. As a result, neutron-rich isotopes in the Z=80-90 region
were successfully produced, separated, and identified, providing essential data for future studies of
nuclei beyond N=126. This presentation will highlight these results and the optimized separation
and identification techniques developed with BigRIPS.

[1] T. Kubo, Nucl. Instr. Meth. B 204, 97 (2003).
[2] N. Fukuda et al., Nucl. Instr. Meth. B 317, 323 (2013).
[3] M. Yoshimoto et al., Prog. Theor. Exp. Phys. ptaf063, 2025.
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Radioactive ion beams at the Nuclear Science Laboratory
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lle4@nd.edu, obruce@nd.edu, cdembski@nd.edu

For over 30 years, the TwinSol radioactive ion beam facility at Notre Dame’s Nuclear Science Labo-
ratory has provided in-flight radioactive ion beams (RIB) to a variety of experiments probing nu-
clear structure, astrophysics and fundamental symmetries. These relatively low-mass, high-rate
beams have enabled a swath of science, including high-precision beta-decay half-life measurements,
probes of electromagnetic observables in the lightest nuclei, and recoiling detection measurements
of astrophysically-relevant cross-sections. Currently, TwinSol beams can either be delivered to the
Superallowed Transition Beta-Neutrino Decay Ion Coincidence Trap (St. Benedict) facility for preci-
sion beta decay measurement, or through a newly installed third solenoid for improved beam purity
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and RIB mass range for a variety of experiments. The first RIB developments for these beamlines,
recent technical developments, as well as the current and future scientific program at the new TriSol
facility will be presented.
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Studies of nuclei far from the valley of stability are of interest, as they offer valuable insights into
novel or unexpected nuclear properties. These studies are relevant to various fields of physics rang-
ing from fundamental physics, nuclear astrophysics, and applications. Therefore, it is important to
produce, identify and study such exotic nuclei far from the valley of stability. The possible rate and
yield of the exotic isotopes are determined by their production cross-sections and require accurate
knowledge to plan new experiments and allocate sufficient beam time. As precise calculations of pro-
duction cross-sections are difficult, cross-section measurements are the first step towards research
with isotopes far from the valley of stability. Furthermore, these measurements shed light on produc-
tion mechanisms, reaction kinematics and offer benchmarks for the refinement of theoretical models.
In this contribution, an overview of recent activities and first results in the evaluation of fragmenta-
tion cross-sections using relativistic heavy ion beam at the FRS at GSI will be presented.
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Multi-nucleon transfer (MNT) reactions between two heavy ions offer an effective method of pro-
ducing heavy, neutron-rich nuclei that cannot currently be accessed efficiently using traditional
projectile-fragmentation, target-fragmentation or fission production techniques [1]. These nuclei
are important for understanding many astrophysical phenomena. For example, properties of the
neutron-rich nuclei near the N = 126 shell closure are critical to the understanding of the r-process
pathway and the formation of the A ~ 195 abundance peak [2]. The N = 126 Factory currently com-
missioning at Argonne National Laboratory’s ATLAS facility will make use of these reactions to al-
low for the study of these nuclei [3]. Due to the wide angular distribution of MNT reaction products,
a large-volume gas catcher is used to convert these reaction products into a continuous low-energy
beam. This beam is extracted from the gas catcher and then undergoes preliminary separation in
a magnetic dipole of resolving power R ~ 103 before passing through an RFQ cooler-buncher and
MR-TOF system of resolving power R > 10°, sufficient to suppress isobaric contaminants. These
isotopically separated, bunched low energy beams will then be available for experimental systems at
ATLAS such as the CPT mass spectrometer for precision mass measurements and X-Array for decay
spectroscopy. Results of the ongoing commissioning of the facility will be presented.

This work is supported in part by the U.S. Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357; by the National Science Foundation under Grant No. PHY-
2310059; by the University of Notre Dame; and with resources of ANL’s ATLAS facility, an Office of
Science User Facility.

[1]V. Zagrebaev & W. Greiner, PRL 101 122701 (2008)
[2]M.R. Mumpower et al., PPNP 86 86 (2016)
[3]G. Savard et al NIM-B 463 258 (2019)
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BYACO: A Unified Platform for Analysis, Control, and Operation
in Nuclear Physics Experiments
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Production of radioactive ion (RI) beams at RIKEN RIBF using the BigRIPS fragment separator re-
quires dedicated studies of RI-beam separation and particle identification (PID), particularly for
heavy-ions or low-energy beams. Challenges arise from the charge-state change and inaccurate
energy loss predictions. While post-experiment analysis provides valuable insights for further im-
provements, real-time feedback based on complex analyses during experiments would substantially
improve data quality by optimizing beamline and detector settings. To address these issues, we have
developed BYACO (BeYond Analysis, Control, or Operation alone), a novel unified platform that in-
tegrates analysis tools, beamline and detector control systems, and data acquisition (DAQ) [1]. This
platform enables advanced, real-time operation and optimization of RI-beam production and other
experiments.

BYACO functions as a platform where each component shares real-time information and can be
accessed via web APIs. A user-friendly front-end interface is provided through a web application.
Furthermore, we have developed near-line analysis software and analysis programs that can execute
offline-developed macros and connect to BYACO. These developments have allowed us to success-
fully implement sequences that execute complex analyses and modify settings based on the analysis
results, such as a task of an automatic RI-beam tuning [2]. The energy-control tool of slowed-down
RI beam was also developed. As experimental procedures become increasingly complex, and sub-
sequently require more functionality, the agile development is crucial. Therefore, the server-side
and front-end of BYACO are constructed by combining loosely coupled components. For future in-
tegration of machine learning and Al techniques, we plan to migrate to a microservice architecture,
which is well-suited for the agile development using many loosely coupled components.

In this conference, we will introduce the development of BYACO and present examples of its appli-
cations and future perspectives.

[1] T. Sumikama et al., RIKEN Accel. Prog. Rep. 54, 82 (2021).
[2] Y. Shimizu et al., RIKEN Accel. Prog. Rep. 54, 83 (2021).

Email address:
Supervisor’s Name:

Page 69



20th International Conference on Electromagnetic Isotope Separators a... / Book of Abstracts

Supervisor’s email:
Funding Agency:

Classification:

Instrumentation for radioactive ion beam experiments

Poster Session / 99

New Fe, Co, Ni radioactive ion beams for SPIRAL1 —-GANIL
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A decade ago, the SPIRALI (Systéme de Production d'Ions Radioactifs Accélérés en Ligne) [1] facility
went through a major upgrade at GANIL (Grand Accélérateur National d’lons Lourds). Based on the
ISOL (Isotope Separation On Line) technique and exploiting a TISS (Target and Ion Source System),
this facility uses several sources to deliver RIBs (Radioactive Ion Beams). However, only the FEBIAD
(Forced Electron Beam Ionization by Arc Discharge) source [2] enables an efficient production of
metallic isotopes such as Fe, Co, and Ni.

A production test of a TISS was conducted in July 2024 using a “®Ni primary beam on a graphite
target coupled with the FEBIAD. The produced RIBS were guided to the SPIRAL1 low-energy beam
identification station [3]. Several isotopes of interest were detected, including *°Ni, a double magic
nuclide strongly requested in nuclear structure studies. In 2025, a new experiment is planned to
accelerate and strip this particular ion beam to suppress isobaric contamination. Its yield will be
significantly reduced due to charge breeding (~ 5— 10%), acceleration and stripping (~ 20%) losses.
Therefore, the TISS production rates must be increased to meet the demand for physics experiments
investigating new regions of the nuclide chart.

Developments are underway at SPIRAL1 to improve the release efficiency of radionuclides out of the
TISS, a process largely governed by the competition between their half-lives and release times. To
this end, the target cavity and the source must be maintained at high temperatures (~ 2000 -C) to
accelerate diffusion from the target and enhance surface desorption of the nuclides effusing towards
the source. This will reduce the release time, minimize radioactive decay losses, and thereby lead to

higher yields.

To further optimize the release characteristics of the TISS, thermal simulations are essential and
require an accurate collection of the thermal properties involved. An experimental set-up [4] has
been renovated to measure these properties by heating material samples in a vacuum chamber. Based
on these results, Ansys [5] will be used to construct a parametric finite element model of the TISS,
allowing for changes in its geometry. This model will enable optimization of the design to achieve
high and homogeneous temperatures throughout the TISS.

References

[1] V. Bosquet et al., “Improvement of the FEBIAD ion source at SPIRAL1”, Journal of Physics: Con-
ference Series, vol. 2244, p. 7, 2022. doi: 10.1088/1742-6596/2244/1/012071.

[2] L. Penescu, R. Catherall, J. Lettry, and T. Stora, “Development of high efficiency versaltile arc
discharge ion source at CERN ISOLDE”, Review of Scientific Instruments, vol. 81, p. 10, 2010.
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[3] G. Grinyer et al., “Upgrade of the SPIRAL identification station for high-precision measurements
of nuclear B decay”, Nuclear Instruments and Methods in Physics Research A, vol. 741, pp. 18-25,
2014. doi: 10.1016/j.nima.2013.11.106.

[4] K. Venkateswarlu, “Development of an innovative ISOL system for the production of short lived
neutron-deficient ions.”, Physics, Ph.D. dissertation, Caen : Université de Caen Normandie, 2018.
[5] PyAnsys, “Welcome to PyMAPDL”, (accessed 12 mars 2025). [Online]. Available:
https://mapdl.docs.pyansys.com/version/stable/index.html.
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Producing short-lived isotopes by fusion evaporation reactions
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SPIRALI1 (Systéme de Production d’Tons Radioactifs Accélérés en Ligne phase 1) is an ISOL system
installed at GANIL (Grand Accélérateur National d'Tons Lourds) at CAEN/France. Since 2001, it uses
a large variety of primary beams, from C to U, at energies up to 95 MeV/u to produce low energy or
post-accelerated Radioactive Ion Beams (RIB). The possibilities of primary beam and target coupling
allow SPIRALL1 [1] to use a large variety of nuclear reactions, which eases access to regions of the
nuclide chart often difficult to explore with ISOL installations.

Within this framework, the TULIP project [2] aims to produce original RIBs in the very exotic
neutron-deficient region of the nuclide chart. The approach consists of favouring the atom-to-ion
transformation efficiency for short-lived isotopes rather than the in-target production rate. The Tar-
get Ion Source System (TISS) design was guided by the improvement of the efficiency of each process
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involved, i.e. in-target production, diffusion of atoms out of the stopping material, effusion and ion-
isation.

A first TISS prototype was designed to produce ions of neutron deficient isotopes of Rb. Once the
proof of principle shown [3,4], the TISS was coupled to a FEBIAD [5] ion source to reach the final
aim of the TULIP project, namely the production of metallic ions near 100Sn.

The status of this project and the first results will be presented.
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The experimental determination of atomic and nuclear properties such as atomic energy levels, ion-
ization potentials, electromagnetic moments, as well as trends in mean-square charge radii for nuclei
in the region of the heaviest elements remain limited. The main challenges are low production rates
in accelerator facilities and the short half-life of the fusion products. This necessitates the use of
highly efficient and selective laser spectroscopy techniques. At GSI-FAIR in Darmstadt, Germany,
the RA diation D etected R esonance I onization S pectroscopy (RADRIS) apparatus has been success-
fully used to study aforementioned properties in 245-246:248=250,254py apd 251-255Np [1,2].

For the understanding of nuclear deformation in this region it is necessary to extend these investiga-
tions to further isotopic chains, e.g. californium, where nuclei feature long lifetimes.As the detection
of laser ions via their a-decay for nuclei with half-lifes in the order of several to tens of hours be-
came impractical with a single detector, a more versatile detector design of RADRIS was developed
to increase the method’s reach towards longer-lived nuclei. The upgraded version enables the mea-
surement of 246Cf with a half-life of 35.7h. This data, together with previously studied long-lived
Cf isotopes, allow for an investigation of charge radius trends across a long isotopic chain next to
the recently published Fm chain [2,3]. Furthermore, the experimental goal is an atomic level search
on Md (Z = 101) for which no experimental data on the excited states are known to date. Here
preparatory studies with neutron deficient isotopes of the homologue elements Er (Z = 68) and
Tm (Z = 69) have been performed. This talk will present the upgraded RADRIS detector architec-
ture, showcase the newest laser spectroscopy results, using the recent measurements to illustrate
the apparatus’expanded capabilities.

[1] M. Laatiaoui et al., Nature 538, 495-498 (2016)
[2] J. Warbinek et al., Nature 634, 1075-1079 (2024)
[3] F. Weber et al., Atoms, 10(2), 51 (2022)
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Development of an offline 227Th+ beam with an argon glow dis-
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The Standard Model of particle physics is one of the most successful models of the universe, yet it is
known to be incomplete. Substantial efforts on the theoretical front introduce new physics through
extensions of the Standard Model. Advances in quantum control of molecules have resulted in some
of the most stringent constraints on physics beyond the Standard Model [1-3]. Extensive molecular
spectroscopy of 222ThF™ [4-6] has been motivated by its immense sensitivity to the electron’s electric
dipole moment and promised long coherence time [5-8]. Building upon this work, we propose the
measurement of the nuclear Schiff moment, a physical quantity that could hint at new physics, on
the isotopologue 22”ThF*. Unlike the naturally occurring 2*2Th, however, 22"Th has a half-life of
about 20 days and is typically made in microscopic quantities. An efficient source of 22”Th must be
developed for an experiment with 22" ThFT. Herein, we present our progress on the development
of an offline source of 22" Th™ using an argon glow discharge source. This marks the beginning of
our more general effort to develop offline ion beams of radionuclides with half-lives on the order
of days or longer for new-physics searches, complementing TRIUMF’s online radioactive ion beams
from ISAC and ARIEL. This approach will enable access to elements such as Th, so far not available
via conventional ISOL techniques, over extended time as it is imperative for the development of
precision studies in 22" ThF* and other radioactive molecules.

[1] L. Caldwell, et al. Systematic and statistical uncertainty evaluation of the HfF ™ electron electric
dipole moment experiment. Physical Review A 108, 012804 (2023).

[2] T. S. Roussy, et al. A new bound on the electron’s electric dipole moment. Science 381, 46-50
(2023).

[3] V. Andreev, et al., Improved limit on the electric dipole moment of the electron, Nature 562, 355
(2018).

[4] Y. Zhou, K. B. Ng, L. Cheng, D. N. Gresh, R. W. Field, J. Ye, and E. A. Cornell, Visible and ultraviolet
laser spectroscopy of ThF, Journal of Molecular Spectroscopy 358, 1 (2019).

[5] K. B.Ng, Y. Zhou, L. Cheng, N. Schlossberger, S. Y. Park, T. S. Roussy, L. Caldwell, Y. Shagam, A.J.
Vigil, E. A. Cornell, and J. Ye, Spectroscopy on the electron-electric-dipole-moment—sensitive states
of ThF+, Physical Review A 105, 022823 (2022).

[6] D. N. Gresh, K. C. Cossel, Y. Zhou, J. Ye, and E. A. Cornell, Broadband velocity modulation
spectroscopy of ThF for use in a measurement of the electron electric dipole moment, Journal of
Molecular Spectroscopy 319, 1 (2016).

[7] Skripnikov, L. V., and A. V. Titov. Theoretical study of ThF* in the search for T, P-violation effects:
Effective state of a Th atom in ThF+ and ThO compounds. Physical Review A 91, 042504 (2015).

[8] Denis et al., Theoretical study on ThF™, a prospective system in search of time-reversal violation.
New Journal of Physics 17, 043005 (2015).
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The Isotope Separator and Accelerator (ISAC) facility at TRIUMF is a world class laboratory for the
production and delivery of rare isotopes. ISAC uses the isotope separation on-line (ISOL) method
to create a variety of exotic isotopes, utilizing high-intensity proton beams from TRIUMF’s 500 MeV
cyclotron. The proton beam is impinged on a thick target which sits inside a target assembly. The
target assembly sits inside a target module which is responsible for delivering all services (high
voltage, high current, low voltage signals, vacuum, cooling and gas injection) from the target stations,
through a section of shielding, to the operating target.

Maintaining reliable beam delivery to experiments is a cornerstone of ISAC’s mission, which be-
comes more challenging as the facility ages and the demand for new beams and new operational
modes increases. This contribution will give an overview of recent changes at ISAC, highlighting
efforts to increase reliability through improvements to high voltage operation and infrastructure,
and a first-time target module refurbishment program. In addition we will discuss expanded options
for users made possible through new target designs, improved laser ionization schemes and new
methods of operation.

Email address:
cbabcock@triumf.ca

Supervisor’s Name:
Supervisor’s email:
Funding Agency:

Classification:

Isotope production, target, and ion source techniques

Poster Session / 104

Enrichment of stable isotope ytterbium-176 - the Kinectrics Canada
experience

Author: Allan Jarvine™°™®

Corresponding Author: allan.jarvine@kinectrics.com

Global demand for lutetium-177 has risen sharply with the gain in prominence for the targeted
treatment of advanced neuroendocrine tumors and prostate cancer, both of which are treated with
specially formulated radiotherapeutics. Lutetium-177 is a beta-emitting radionuclide historically
produced by direct neutron irradiation of the long-lived radioisotope lutetium-176. Increasingly,
lutetium-177 is now predominantly produced by neutron irradiation of the stable isotope ytterbium-
176 as a preferable route to avoid the co-production of lutetium-177m and also to produce a ‘carrier-
free’ lutetium-177 product. While these two production routes are well established, the increase in
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global conflicts has cast a shadow of uncertainty over the once reliable supply of stable ytterbium-
176. To ensure a stable supply chain, Kinectrics Canada has chosen the more established method
of electromagnetic isotope separation (EMIS) to produce ytterbium-176. This paper provides a high-
level overview of Kinectrics experience in the commercial production of highly enriched, chemically
pure ytterbium-176. From the perspective of modelling, specific attention is given to the challenges
faced when designing and commissioning a next generation EMIS system.
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A p 'SR technique has been used to measure self-diffusion coefficients and activation energies of
ions in cathode materials such as Li;;CoOs. [1] However, direct determination can be challenging
due to the use of models such as a dynamic Kubo-Toyabe function, as well as difficulties in distin-
guishing muon diffusion itself from Li* diffusion at high temperatures.

First principles calculations can overcome these limitations, but they are too demanding when
it comes to performing the simulation while taking into account zero-point vibrations and crystal
lattice deformations. In recent years, this problem has been mitigated by machine learning potential
techniques, which have enabled large-scale simulations with hundreds of atoms and nano second.
(2]

In this study, we applied this technique to Li,CoOs and performed simulations incorporating
muon quantum effects using the path integral method, while taking into account magnetic interac-
tions based on DFT+U. We report new findings concerning the stable positions of muons and their
effects on Li ion diffusion.

References:
1]J. Sugiyama et al., Phys. Rev. Lett., 103 (2009) 147601.
2Y. Kataoka et al., Phys. Rev. Res. 6 (2024), 043224.
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Studying exotic nuclei at the nuclear driplines presents many challenges: Firstly, production rates
can fall below a particle per second. Secondly, isobaric contamination can be many orders of magni-
tude greater than the species of interest. Lastly, half-lives become increasingly small, often millisec-
onds if not shorter. Under these conditions, experiments require tools capable of fast, high-precision
measurements with exceptional beam selectivity and sensitivity. In this context, the Multi-Reflection
Time-of-Flight Mass Spectrometer (MR-TOF-MS) has become an essential instrument. Its ability to
provide isobaric — and in some cases even isomeric — beam purification, yield measurements, and pre-
cise mass determinations has made it a tool of choice for frontier studies of radioactive beams.

At the TITAN facility at TRIUMF, the MR-TOF-MS features multiple ion sources, a refined beam
preparation section, and a dedicated mass separation system, together enabling exceptional opera-
tional capability. A resolving power exceeding 600,000 enabled the separation of a 200 keV isomer
in %9Fe, providing access to study nuclear-structure evolution in this region. The system has also
demonstrated remarkable sensitivity, performing a direct mass measurement of %°Ga at a yield of just
0.025 particles per second—permitting studies of isospin symmetry and showcasing the spectrome-
ter’s powerful in-situ beam purification. This methodology has also been used to isolate isomers in
neutron-rich Indium and is capable of suppressing contaminations up to 108 relative to the species
of interest. In this contribution, we present the current status of the TITAN MR-TOF-MS, efforts to
reach the driplines, and highlights from recent experimental campaigns.
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The ISOLTRAP mass spectrometry program at ISOLDE has pioneering many developments over the
past decades, the most recent being the combination of precision time-of-flight mass spectrometry
and in-source laser-ionization scanning to obtain the hyperfine structure of the isotope of inter-
est.

First developed using sensitive alpha spectroscopy, the successful in-source spectroscopy technique
was considerably extended by counting ions instead of radioactivity. Moreover, the high-resolution
offered by ion traps enabled a dramatic gain in sensitivity not possible with dipole mass separa-
tors.

This contribution will recall the development of the in-source MS technique with some of the high-
lights before presenting new mass-spectrometry results for neutron-rich mercury (212Hg) and neutron-
deficient cadmium (97Cd), both of which are near the intersections of major shell closures.
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The scientific program of the new IRL between CNRS and TRIUMF will be described.
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High-spin nuclear isomers in rare unstable beams are important for studies in nuclear structure,
nuclear astrophysics, and applied research. While fragmentation reactions, widely used at in-flight
rare-isotope beam facilities, can produce a diverse range of nuclides, the selective and high-intensity
production and separation of specific isomer states remain challenging. This study aimed to exper-
imentally investigate the correlation between parallel momentum transfer and angular momentum
transfer in fragmentation reactions, contributing to the development of selective beam production
techniques for isomer states.

We focused particularly on previous studies [1] that showed an increase in the isomer ratio by select-
ing the tail of the fragment momentum distribution, with the goal of clarifying its physical origin. In
this research, we investigated the correlation between angular momentum and parallel momentum
transfer by selecting events from high-spin isomer states and comparing their momentum distribu-
tions with those of events primarily in the ground state.

The experiment was conducted at the SB2 beamline of the High-Energy Heavy-Ion Accelerator Facil-
ity (HIMAC). Primary beams of *®Ni and *’Co accelerated to 350 MeV/u irradiated a 14 mm thick *Be
target to produce nuclides around °?Fe through fragmentation reactions. The produced fragments
were separated by a fragment

separator (two dipole magnets) and identified using the time-of-flight (ToF), energy loss(AE), and
magnetic rigidity (Bp) method. Among the identified nuclides, de-excitation gamma rays from
high-spin isomers 52" Fe(127T), ®*™Fe(19/27) and **™Co(7") were measured using four Ge detec-
tors placed at the end of the

flight path with the particle identification.

As a result of the analysis, a clear tendency was observed for the relative production of high-spin
isomers to increase in the region of large momentum transfer away from the center of the fragment
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momentum distribution (the tail of the distribution), consistent with previous studies [2][3]. Further-
more, by comparing the measured properties of multiple isomer states, a clear positive correlation
was found between the magnitude of the imparted angular momentum and the paralle]l momentum
transfer.

In this presentation, we will report these experimental results in detail and discuss the current un-
derstanding of the angular momentum generation mechanism in fragmentation reactions and its
potential application to the production of high-purity, high-intensity isomer beams.

[1] Schmidt-Ott, et al., Zeitschrift fir Physik 350 215-219 (1994)
[2] Daugas, J. M. et al, Phys. Rev. C 63 064609 (2001)
[3] M. Notani et al., Phys. Rev. C 76 044605 (2007)
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In the last decade, the collinear resonance ionization spectroscopy (CRIS) technique [1,2] has proven
to be a powerful tool for investigating atomic and nuclear properties of exotic nuclei across the nu-
clear chart [3,4,5]. CRIS stands out through its combination of conventional collinear resonance
spectroscopy with resonance ionization, enabling the extraction of high-resolution data on nuclear
moments, mean-square charge radii, and the unambiguous determination of nuclear spins, even for
isotopes produced at rates as low as a few tens of ions per second [6]. More recently, the CRIS ex-
periment has also pioneered studies on short-lived radioactive molecules, in particular RaF, opening
a new path for future beyond standard-model physics searches at low energies [7].

With the latest developments on the CRIS experiment, the versatility of the technique has been
further enhanced. The addition of a new field ionization unit and widely tuneable laser systems gives
opportunities for an improved sensitivity of the technique. These upgrades additionally support
the efficient identification of experimentally yet unknown electronic levels for new atomic physics
studies, and for laying the foundation for future high-precision measurements. CRIS has recently
also enabled the study of negative ions, most notably RaF~ anions, which were successfully produced
for the first time and investigated via laser photodetachment studies. These methodological advances
provide essential groundwork for a potential implementation of a cooling and trapping scheme for
this radioactive molecule.

In this contributions, recent highlights and technical upgrades of the CRIS experiment are presented
and an outlook on further developments for on-line experiments at ISOLDE at the extremes of the
nuclear landscape are given.

KT. Flanagan et al. Phys. Rev. Lett. 111, 212501 (2013).
R.P. de Groote et al. Phys. Rev. Lett. 115, 132501 (2015).
3] K.M. Lynch et al. Phys. Rev. X 4, 011055 (2014).

(1]
|
[4] A. Koszorus. et al. Nat. Phys. 17, 439-443 (2021).
(5]
(6]
(7]

5] A.R. Vernon et al. Nature 607, 260—-265 (2022).
6] R.P. de Groote et al. Nat. Phys. 16, 620-624 (2020).
7] R. Garcia Ruiz et al. Nature 581, 396—400 (2020).
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Ever since its introduction in the mid 1970s, laser cooling has become a fundamental technique
to prepare and control ions and atoms for a wide range of precision experiments. In the realm
of rare isotope science, for instance, specific atom species of short-lived radionuclides have been
laser-cooled for fundamental-symmetries studies [1] or for measurements of hyperfine-structure
constants [2] and nuclear charge radii [3].

Nevertheless, because of its simplicity and element-universality, buffer-gas cooling in a linear, room-
temperature Paul trap is more commonly used at contemporary radioactive ion beam (RIB) facilities.
Recent advances in experimental RIB techniques, especially in laser spectroscopy and mass spec-
trometry, would however strongly benefit from ion beams at much lower beam temperature as in
principle attainable by laser cooling. In addition, sympathetic cooling of ions which are co-trapped
with a laser-cooled ion species could open a path for a wide range of sub-Kelvin RIBs.

Within the MIRACLS low-energy apparatus, we demonstrate that laser cooling is compatible with
the timescale imposed by short-lived radionuclides as well as with existing instrumentation at RIB
facilities [4]. To this end, a beam of hot 24Mg+ ions is injected into a linear Paul trap in which the ions
are cooled by a combination of a low-pressure buffer gas and a 10-mW, cw laser beam of ~280 nm.
Despite an initial kinetic energy of the incoming ions of several electronvolts at the trap’s entrance,
temporal widths of the extracted ion bunch corresponding to an ion-beam temperature of around
6 K are obtained within a cooling time of 200 ms. Moreover, sympathetic cooling of co-trapped K+
and O2+ ions was demonstrated. As a first application, a laser-cooled ion bunch is transferred into
a multi-reflection time-of-flight mass spectrometer. This improved the mass resolving power by a
factor of 4.5 compared to conventional buffer-gas cooling.

This contribution will include the experimental results of our laser-cooling studies as well as a com-
parison to our 3D simulations of the cooling process which paved the way for further improvements
of the technique. An outlook to future experiments with laser- and sympathetically cooled ions at
radioactive ion beam facilities will be given.

[1] G. D. Sprouse and L. A. Orozco, Annu. Rev. Nucl. Part. Sci.. 47, 429 (1997)
J. A. Behr et al,, Phys. Rev. Lett. 79, 375 (1997).
M. Trinczek et al., Phys. Rev. Lett. 90, 012501 (2003).
P. A. Vetter et al., Phys. Rev. C 77, 035502 (2008).
J. R. A. Pitcairn et al., RRC 79, 015501 (2009)
B. Fenker et al., Phys. Rev. Lett. 120, 062502 (2018)
[2] A. Takamine et al., Phys. Rev. Lett. 112, 162502 (2014)
[3] L. B. Wang et al., Phys. Rev. Lett. 93, 142501 (2004).
P. Mueller et al., Phys. Rev. Lett. 99, 252501 (2007).
4] S. Sels, F.M. Maier et al., Phys. Rev. Research 4, 033229 (2022)
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The Self-Confining RI Ion Target(SCRIT) method is a unique technique for forming an ion target for
electron-RI scattering experiments. In the SCRIT method, target ions are trapped in all three spatial
dimensions inside the electron storage ring. The world’s first electron scattering experiment with
137Cs ions produced by the ISOL was successfully conducted at RIKEN RI Beam Factory [1].

For electron scattering experiments with rare isotopes such as 132Sn, the luminosity at the SCRIT
facility is currently insufficient. Previous studies showed that only 10-20% of the injected target ions
contribute to the electron scattering process. This suggests that the trapped ion properties, including
their charge state, energy, and spatial distributions, evolve during trapping, which may cause most
of the trapped ions to escape from the trap before they can interact with the electron beam [2]. To
increase the luminosity, it is necessary to understand the time evolution of the trapped ion properties
and to optimize the target conditions to increase the contribution ratio.

In this study, we developed a method to evaluate the time evolution of the trapped ion properties in
SCRIT by comparing the properties of ions extracted after trapping with ion transport simulations.
We report the evaluation method in detail and discuss the results.

References
[1] KTsukada et al.,, Phys. Rev. Lett. 131, 092502 (2023)
[2] R.Ogawara et al., Nucl. Instrum. Methods Phys. Res. B 317, 674 (2013)
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Efficient production of radioactive isotope (RI) beams is critical for advancing nuclear physics re-
search, and the superconducting in-flight separator BigRIPS has been a key component in this effort
since 2007. To maximize user beam time and achieve optimal scientific outcomes, we have contin-
uously refined technologies related to RI-beam separation and particle identification analysis. Key
advancements include the implementation of feedback systems for precise magnetic field control,
which have significantly improved production efficiency. For instance, the production time for the
132Sn beam was reduced from 16 hours in 2009 to approximately 4 hours in 2017, representing a
four-fold reduction. However, the current manual operation poses limitations on further substantial
time savings. As a significant step toward realizing a fully automated RI beam production system,
we have developed an automated focusing and centering system to automatically tune the supercon-
ducting triplet quadrupole (STQ) and dipole magnets on the BigRIPS separator.

RI beams typically contain not only the nucleus of interest but also other nuclei, exhibiting a wide
range of purities and intensities from 20% to 0.1% and from 30 kHz to 1 Hz, respectively. RI beam pro-
duction requires tuning the BigRIPS separator specifically for the nucleus of interest. To automate
RI beam tuning, we have developed analysis programs capable of handling these diverse beam con-
ditions without manual operation. For instance, this includes particle identification (PID) analysis,
crucial for selecting the nucleus of interest. We have developed an automated parameter calibra-
tion of PID using a relational database containing isomer information. This sophisticated analysis is
integrated into the BigRIPS device control and data acquisition (DAQ) systems via the recently devel-
oped BYACO platform, which enables the execution of automated sequences for RI beam production
by providing functions to monitor the primary beam status, DAQ, analysis, and magnetic fields. We
have developed the sequencer programming to adjust the magnet current values based on automati-
cally analyzed results and other statuses. Tests of the automated focusing and centering system have
been successfully demonstrated, reducing the tuning time from 30 - 60 minutes to approximately 12
minutes, achieving a time reduction of 1/2 to 1/4 compared to manual operation.

This conference will present the development of sophisticated analysis and sequencer programming
for automated RI beam tuning, as well as the demonstration experiment on the automated focusing
and centering.
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We have developed a novel mass separator—the multi-radio-frequency quadrupole (MRFQ)—that
exploits betatron resonance. A distinctive feature of the MRFQ is the deliberate application of a
skew electric field to induce the strong sum resonance. It has been theoretically verified that isobar
separation is possible by utilizing the sharpness of the induced resonance, and we fabricate a proto-
type of MRFQ and experimentally verify it. Its performance, including mass resolving power, has
been evaluated with *°Ca*, **Ar*, **Ca’, and **COj; ion beams. The operating principle and detailed
experimental results will be presented in the poster.
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Systematic measurement of isoscalar giant monopole resonances, especially in unstable nuclei, via
inelastic scattering in inverse kinematics is one of the important issues for determining the nuclear
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matter equation of state. An active target TPC, CAT-M, has been developed [1] for such measure-
ment, using high-intensity heavy-ion beams of up to approximately 10° counts per second. The
incident beam reacts with the detector gas (deuterium) in CAT-M, and the TPC measures the gen-
erated recoil particles and reaction products by multiplying electrons with gas electron multipliers
(GEMs).

One of the significant challenges in TPC measurements using high-intensity beams—not only for
active targets but for many types of TPCs—is the reduction of ion backflow (IBF) from the electron
multiplication region to the drift region. Due to the high repetition of the beam particles, slow ions
form sufficient space charge that distorts the electric field and ultimately degrades the position accu-
racy. This becomes a particularly prominent issue under high-rate conditions of around 10° counts
per second [2].

Various improvements have been implemented in the electron multiplication section of TPCs to re-
duce IBF. For example, techniques to suppress the IBF by using stacked GEMs with different hole
pitches have been developed [3]. In this study, we focused on the so-called Flower GEM, an innova-
tive structure that, when stacked with Normal GEMs, is expected to suppress IBF while maintaining
a high gas gain effectively. Our objective is to experimentally evaluate the IBF reduction perfor-
mance of a combination of Normal and Flower GEMs.

For this evaluation, we used MiniTPC [4], a beam tracking TPC connectable to CAT-M, and con-
ducted a performance evaluation experiment using MiniTPC equipped with both types of GEMs.
The experiment was conducted at the Heavy Ion Medical Accelerator in Chiba (HIMAC) last Febru-
ary. The incident particles were 290 MeV/u Xe beams with a periodic structure of approximately
10* counts per pulse. In this experiment, we measured the anode current, which corresponds to the
number of multiplied electrons, and the cathode current, which corresponds to backflowing ions, to
evaluate the IBF rate and gain for the stacked configuration of Normal and Flower GEMs.

In this presentation, the details of the IBF evaluation experiment using the MiniTPC and the re-
sults are presented. Moreover, implications for IBF countermeasures in CAT-M irradiated with a
high-intensity beam and future perspectives are discussed.

References
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[2] C. Iwamoto et al., Progress of Theoretical and Experimental Physics, 2023, 8, 083H01, (2023).
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The development of the Self-Confining Radioactive Isotope Target (SCRIT) [1] has enabled gener-
ation of stationary targets from rare, short-lived nuclei, thus permitting a wide range of nuclear
reaction experiments. We use the EBIT technique to generalize the RI stationary target. Conven-
tional operation using an Electron Beam Ion Trap (EBIT), however, also captures light residual gas
ions such as O'T (m/q ~ 16), leading to reduced purity of the radioactive isotope target.

In this paper, a new pulsed operation technique is proposed to temporally modulate the electron
beam in the EBIT. Peak current, pulse frequency and duty are tuned so that ionization is halted once
13281 ions reach the 6+ charge state. In this situation, residual gas ions are unstable for trapping
and only heavy ions with mass to charge ratio above that of residual gas remain trapped.

This approach makes it possible to gain almost complete control over the ion charge state distribu-
tion and to achieve a substantial increase in target purity. Detailed description of the principle and
experimental validation will be presented at the conference.
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Understanding alpha-condensate states is essential for investigating the properties of nuclear matter
in low-density regions. Theoretically, such states are expected to exist in nuclei with mass number
A < 40. There has been a general consensus that the ground state (01) of ®Be and the 0] state
of '2C correspond to 2 and 3a condensate states, respectively. However, the existence of alpha-
condensate states in other nuclei has not yet been confirmed.

Our group is planning to conduct an experiment to search for a 5o condensate state in 2°Ne at the
Research Center for Nuclear Physics, the University of Osaka. A 400-MeV alpha-particle beam is
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impinged on a 2°Ne target. Inelastically scattered alpha particles are measured using Grand Raiden,
a high-resolution magnetic spectrometer, to determine the excitation energy of the recoil nucleus.
The decay particles from the recoil nucleus are measured by silicon detectors to reveal the decay
modes.

There are two main points in this experiment. The first is to identify coincident events between
Grand Raiden and Si detectors. The Grand Raiden is based on a trigger-less streaming DAQ system.
On the other hand, Si detectors use a trigger-based DAQ system. Reconstructing events between
these two systems, which have different data acquisition methods, requires a creative approach. We
solved the issue by reading the accepted trigger signal from Si detectors with the Grand Raiden sys-
tem. The second point is the method for identifying decay particles. Since the decay particles in this
experiment have low energy and stop at a single-layer detector, conventional particle identification
methods such as the E-AE method and TOF cannot be used. Therefore, we used a high-sampling-
rate digitizer to acquire silicon waveforms and then applied unique waveform analysis. This analysis
allowed us to identify particles in the region above 2 MeV.

This presentation will discuss the method of event reconstruction while using two different DAQ
systems, the data acquisition efficiency, and the technique for particle identification using waveform
analysis with Si detectors.
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Research on short-lived unstable nuclei (radioactive isotopes, RI) has progressed rapidly in recent

years, driven by advances in accelerator technology as well as RI production and separation tech-
niques. Consequently, nuclear reaction experiments with rare Rls far from the valley of stability
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have been drawing increasing attention. To improve the measurement accuracy of nuclear reac-
tions with rare RI beams, we propose a beam recycling technique utilizing a heavy-ion storage ring.
RI beams are generally secondary beams with lower quality (i.e., greater momentum dispersion and
emittance) and lower intensity compared to beams of stable nuclei, often necessitating the use of
thicker targets in nuclear reaction experiments. At the target, nearly all RI beams do not undergo
nuclear reactions and are subsequently dumped, making it difficult to obtain sufficient event yields.
These factors reduce the measurement accuracy. In the beam recycling technique, RI beams are ac-
cumulated in a heavy-ion storage ring equipped with an internal thin target until a nuclear reaction
occurs. The energy loss, energy straggling, and transverse angular straggling of the accumulated RI
beams as they pass through the internal target are corrected turn by turn and particle by particle.
These corrections maintain high beam quality throughout the accumulation process.

To develop the beam recycling technique, the Recycled-Unstable-Nuclear Beam Accumulator (RUNBA)
is currently under construction at RIKEN RIBF. RUNBA is a heavy-ion storage ring with a circum-
ference of 26.6 m and is equipped with a beam recycling system consisting of an internal target, an
accelerator cavity, an energy dispersion corrector, and transverse angular dispersion correctors. A
singly charged RI beam produced by an ISOL system is converted into a fully stripped RI beam at
10 keV/nucleon by a charge breeder and then injected into RUNBA. The accumulated RI beams in
RUNBA are re-accelerated up to 10 MeV/nucleon. With an accumulation time of 1 second in RUNBA,
a collisional luminosity of 1024 cm~2-s~! can be achieved, assuming an RI production rate of 1 Hz
and a target thickness of 10'® atoms/cm?. We estimated the required performance of the beam re-
cycling system to achieve the accumulation time of 1 second based on particle motion analysis in
RUNBA. This presentation details the conceptual design of RUNBA and the results of particle motion
analysis.
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The RAON accelerator facility in Korea has recently initiated low-energy nuclear physics experi-
ments using ion beams accelerated by the superconducting linear accelerator SCL3. As part of the
Phase-1 operation, three major experimental systems for low-energy experiments—KoBRA (Korea
Broad acceptance Recoil spectrometer and Apparatus), NDPS (Nuclear Data Production System),
and CLaSsy (Collinear Laser Spectroscopy)—have been successfully installed and commissioned. In
2024, beam commissioning was carried out for each experimental system, and a total of five user
experiments were conducted. At KoBRA, secondary rare isotope beams with atomic numbers up to
Z < 17 were produced via projectile fragmentation and successfully identified using the Bp—AE-TOF
method. At NDPS, the first fast neutron production and detection experiment was performed using
a 40Ar beam and EJ-301 detectors, and its performance was verified by measuring neutron-induced
gamma rays from activation foils. At CLaSsy, laser spectroscopy experiments were carried out using
Na beams produced from the ISOL facility. This presentation reports on the beam commissioning
results and technical progress of these low-energy experimental systems, demonstrating RAON’s
readiness to support advanced rare isotope beam science.
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RAON (Rare isotope Accelerator complex for ON-line experiments) is Korea’s flagship heavy-ion
accelerator facility, established to advance fundamental research on rare isotopes and their appli-
cations. The construction of the facility—including building infrastructure, installation of the low-
energy superconducting linac (SCL3) with its injector system, the ISOL (Isotope Separation On-Line)
rare isotope production system, and associated experimental systems—was completed in 2021. Fol-
lowing the completion of Phase I of the RAON construction project in 2022, the first beam com-
missioning of the low-energy linac SCL3 using stable argon beams was successfully conducted in
December 2023. In March 2023, the RAON ISOL system produced its first rare isotope beam—sodium
ions—by irradiating a SiC target with a 70 MeV proton beam from the cyclotron. In 2024, RAON
began providing low-energy beams via the accelerator and ISOL system for user experiments. This
talk presents the current status and an overview of the RAON heavy-ion accelerator facility.
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The charge radius or point-proton radius is an important quantity for investigating nuclear structure.
Although electron scattering experiments and isotope-shift measurements have provided many pre-
cise data on charge radii, these methods are limited to long-lived and abundantly produced nuclei.
Therefore, we proposed an applicability of the charge changing cross section (o) to derive the
point-proton radii of short-lived exotic nuclei. The o is defined as the probability that a projectile
nucleus decreases its atomic number due to a high-energy interaction with a target. Applying the
Glauber model, which describes reaction cross sections and nucleon density distributions, may en-
able to derive the point-proton radius from .. measurements. A modified Glauber model analysis
taking into account the energy dependence of the projectile nucleus successfully provided several
point-proton radii of light neutron-rich nuclei [1]. However, the point-proton radii deduced by us-
ing the 0. and the modified Glauber model analysis showed a systematic deviation from the known
charge radii of medium-heavy nuclei. This is due to an evaporation effect, in which protons are
statistically emitted from the excited core after direct neutron removal at the initial stage [2]. An
updated Glauber analysis taking into account the evaporation effect reproduced experimental cross
sections well. A new scaling factor for o.. was also proposed based on this finding [3].

The previous studies conducted in the worldwide facilities assumed the energy dependence of the
original Glauber model which needs to be tested. Thus, we precisely measured the energy depen-
dence of charge changing cross sections in a broad energy range by employing 5Ti with a known
charge radius. The experiment was conducted at the Heavy Ion Medical Accelerator in Chiba (HI-
MAC) facility of the National Institutes for Quantum Science and Technology. A *6Ti beam of 450
MeV/nucleon was used to irradiate carbon targets of various thicknesses, and several o, values were
measured using the transmission method from 200 to 400 MeV/nucleon. With our previous results,
the precise o values of Ti on carbon have been obtained from 300 to 700 MeV/nucleon. This is the
first time such systematic data have been measured. The results were compared with the updated
Glauber calculations with variable core excitation energies. The present study will be a cornerstone
in establishing the method of charge radius determination and heavy-ion reaction theory.

References
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We have launched ESPRI<sup>+</sup> and ONOKORO projects to investigate uniform and nonuni-
form properties in nuclei and nuclear matter.

Under these projects, we plan to perform the experiments to measure proton elastic scattering and
proton induced cluster knockout reaction in inverse kinematics at RIBF, Riken.

For these experiments, we are developing the new telescopes named DELTA and TOGAXSI.

These telescopes consist of Si micro strip detectors (100 um thick, 100 um pitch) and large GAGG:Ce
calorimeters (35 mm X 35 mm X 120 mm).

Although the performance of each detector was already checked and design of the telescopes has
been completed, it is still difficult to identify particles by the conventional AF - E method because
of the small energy deposits in the thin Si detectors.

Thus, we have developed a novel particle identification (PID) method focuing on the pulse-shape of
the GAGG:Ce calorimeter.

We performed the test experiment at RCNP, Osaka University.

The various energies of protons and deuterons were injected to the GAGG:Ce calorimeter and the
response was obtained by the waveform digitizer.
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We analyzed the data sets and found that the good separation between protons and deuterons were
achieved by utilizing the difference in pulse-shape.

In this presentation, we will report the result of the test experiment and the performance of this new
PID method.
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Next-generation in-flight radioactive isotope (RI) beam facilities, including the RIKEN Radioactive
Isotope Beam Factory (RIBF), the Facility for Rare Isotope Beams (FRIB), and the upcoming Facility
for Antiproton and Ion Research (FAIR), primarily use two reaction mechanisms: in-flight fission for
medium-mass neutron-rich isotopes and projectile fragmentation for high-purity RI beams near the
projectile. The BigRIPS superconducting in-flight separator [1] at RIBF has become a global leader
in RI-beam production, combining high-intensity heavy-ion beams with outstanding separation ca-
pabilities, resulting in the discovery of nearly 200 new isotopes.

Producing heavy neutron-rich isotopes around and beyond the neutron magic number N=126 remains
challenging due to high atomic numbers, multiple charge states, and low production cross sections.
To overcome this, we recently produced neutron-rich isotopes with Z=80-90 via projectile fragmen-
tation of a 345 MeV/u 233U beam on a beryllium target, supported by advanced detectors and detailed
simulations. For in-flight separation, the Bp-A F-Bp method was used, where Bp is the magnetic
rigidity and AF is the energy loss in degraders. Angular slits effectively suppressed fission frag-
ments by exploiting their broader angular distributions. Careful charge-state selection before and
after BigRIPS focal planes ensured high transport efficiency and purity.
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Particle identification was performed using the TOF- Bp-A E method [2], where TOF is time-of-flight.
A newly developed xenon-filled ionization chamber [3] enabled precise A E' measurements and accu-
rate identification in the heavy mass region. As a result, neutron-rich isotopes in the Z=80-90 region
were successfully produced, separated, and identified, providing essential data for future studies of
nuclei beyond N=126. This presentation will highlight these results and the optimized separation
and identification techniques developed with BigRIPS.

[1] T. Kubo, Nucl. Instr. Meth. B 204, 97 (2003).
[2] N. Fukuda et al., Nucl. Instr. Meth. B 317, 323 (2013).
[3] M. Yoshimoto et al., Prog. Theor. Exp. Phys. ptaf063, 2025.
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Molecules have proven to be powerful laboratories to explore unknown aspects of the fundamen-
tal forces of nature and to search for physics beyond the standard model. By choosing molecules
containing radioactive isotopes with different spins and deformation one can explore aspects of the
fundamental forces even further and reach unparalleled enhancement of symmetry-violating prop-
erties. Among many potential candidate molecules, Radium-monofluoride (RaF) has emerged as a
potent candidate. However, the production of radioactive molecules in general has proven to be chal-
lenging and availability of molecular radioactive ion beams has been identified as a bottleneck for
future research. Particularly as suitable radioactive partner species have to be produced at large scale
online radioactive beam facilities; preventing experiments at local universities laboratories.

In this contribution we introduce the RAdium-Fluride Ion Catcher Instrument (RAFICI) scheme us-
ing gas filled stopping-cell and ion trapping technology, and discuss its application as a universal
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and fast source of short-lived radioactive isotopes for systematic studies of molecules of elements
between Z=82 and Z=98 without the need for local nuclear reactors or accelerators.

The scheme was successfully tested at the FRS Ion Catcher at GSI and first offline production of
RaF could be shown via gas phase reactions of recoil ions with SF6 inside a versatile RFQ beam
line at the FRS Ion Catcher, where Ra-224 ions were harvested following the decay of a Th-228
sample within a gas filled stopping cell. We can show, that the reaction Ra"+2 + SF6 —> RaF"+
+ SF5"+ reaches an almost unity conversion efficiency and, with chemical reaction times on the
millisecond time scale. This shows that in-trap ion-gas phase reactions are a promising pathway for
offline experiments based around RaF. At the FRS Ion Catcher this program can, in principle, also
be expanded to all isotopes produced in in-flight fragmentation of U-238, due to the online beam
production capabilities at the FRS. A dedicated RAFICI device, currently under commissioning at
the University of Edinburgh, enables experiments with radioactive molecules decoupled from online
radioactive beam facilities. The scheme can straightforward be expanded for the production of may
actinides and 6p to 5f elements and opens research pathways across multiple fields.

Email address:

mreiter@ed.ac.uk

Supervisor’s Name:
Supervisor’s email:
Funding Agency:

Classification:

Ion guide, gas catcher, and beam manipulation techniques

Poster Session / 128

Rare-RI Ring as an isomer beam filter mode

Author: Yoshitaka Yamaguchi'

Co-authors: Tetsuya Ohnishi 1, Takayuki Yamaguchi 2. Akira Ozawa *; Asahi Yano *; Daisuke Nagae 5. Tetsuaki
Moriguchi 3. Yasushi ABE !; Rare-RI Ring collaborators

! RIKEN Nishina Center

? Saitama U

* University of Tsukuba

* Univ. of Tsukuba / RIKEN

> Saitama University

Corresponding Authors: yamaguti@mail.saitama-u.ac.jp, abey@riken.jp, oonishi@ribf.riken.jp, yamaguch@ribf.riken.jp,
nagaedaisuke@mail.saitama-u.ac.jp, asahi.yano@riken.jp, moriguchi@tac.tsukuba.ac.jp, ozawa@tac.tsukuba.ac.jp

The Rare-RI Ring (R3) is an isochronous mass spectrometer aimed at measuring the masses of exotic
nuclei that are rarely produced with short lifetimes (<10 ms). Since the successful commissioning
experiment ten years ago, the technical developments have been continued to improve the efficiency
and precision for mass measurements. The vertical steering magnets recently installed at the injec-
tion beamline has improved the measurement efficiency of R3. We will soon be able to achieve mass
measurements of extremely short-lived nuclei with ppm-order precision in just a few events.

While continuing with mass measurements, we are considering utilizing R3 as an isomer beam fil-
ter device. This would be possible by making full use of the unique technique developed for mass
measurements: self-triggered individual injection for each event after selecting one nuclide, high-
precision isochronous magnetic field, and event-by-event extraction with changing the storage time.
Our goal is to deliver only isomer as a beam from R3, rather than simply tagging it with Schottky
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detector. For example, a first candidate for application would be to measure cross sections with a
pure isomer beam of even low intensities. The feasibility of the isomer beam filter mode will be
discussed in this presentation.
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The properties of heavy neutron-rich nuclei are critical to explain the formation and existence of
heavy elements in the universe. However, it is well known that certain regions on the nuclear
chart, particularly those heavier and more neutron-rich than the heaviest stable primary beams,
i.e., 238U, cannot be accessed using conventional production methods. Among the alternative ap-
proaches, multinucleon transfer (MNT) reactions have emerged as the most promising mechanism
for reaching these challenging regions. MNT reactions also offer an efficient route for producing
exotic isotopes along the line ¥=126, which are relevant to the origin of the third abundance peak in
the rapid neutron-capture process (r-process). Realizing the full potential of this method will require
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the use of neutron-rich secondary beams.

To explore this potential, the Super-FRS experiment collaboration has started a program to conduct
MNT experiments at GSI/FAIR. These experiments will utilize both stable and, eventually, secondary
beams at the FRS and the Super-FRS. The reaction targets are located inside the cryogenic stopping
cell, and the identification of the reaction products is performed using the high-resolution and broad-
band MR-TOF-MS. Tests at the FRS Ion Catcher have confirmed the feasibility of this experimental
design [1]. The future Super-FRS Ion Catcher, equipped with a larger stopping cell, will enable MNT
studies with highly intense beams.

This contribution will present preliminary results obtained using 238U stable beams, as well as fur-
ther tests and plans involving secondary beams.

[1] A. Mollaebrahimi et al., NPA, 1057 (2025) 123041
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NEXT - A new setup to study Neutron-rich Exotic, heavy, nuclei
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The NEXT setup [1] has been designed and built to study Neutron-rich, heavy, EXotic nuclei pro-
duced in multinucleon Transfer reactions. NEXT is a new experiment at the PARTREC facility in
Groningen which has been recently installed in a dedicated beamline at the AGOR cyclotron [2].
The AGOR cyclotron at PARTREC is capable to deliver highly intense heavy ion beam at energies
well suited for multinucleon transfer reactions at and above the Coulomb barrier.
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NEXT consists of a solenoid pre-separator. Within the field of a 3-tesla strong, superconducting
solenoid magnet heavy transfer products are separated from their light counterparts [3] and focused
towards a gas-catcher [4]. The ions are extracted through a radiofrequency carpet into a novel ring-
ion guide and buncher [5] from where they are injected into a MultiReflection Time-of-Flight Mass
Spectrometer [6] for precision mass measurement and sample preparation for background free mass
spectrometry. Thus, even very long-lived, heavy transfer products can be identified and studied with
NEXT.

Our contribution will provide an overview of the NEXT setup and a report on the first beam on
target experiments performed in summer 2025.

[1]J. Even, X. Chen, A. Soylu, P. Fischer, A. Karpov, V. Saiko, J. Saren, M. Schlaich, T. Schlathdlter,
L. Schweikhard, J. Uusitalo, and F. Wienholtz, The NEXT Project: Towards Production and Investi-
gation of Neutron-Rich Heavy Nuclides, Atoms 10, 59 (2022).

[2] B. N. Jones, S. Brandenburg, and M. J. van Goethem, AGOR Status Report, CYC 2019 - Proc. 22nd
Int. Conf. Cyclotrons Their Appl. 257 (2020).

[3] A. Soylu, X. Chen, ]J. Even, A. Karpov, V. Saiko, J. Sarén, and J. Uusitalo, Ion-Optical Simulations
for the NEXT Solenoid Separator, Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrome-
ters, Detect. Assoc. Equip. 1067, 169674 (2024).

[4] A. Mollaebrahimi, B. Andeli¢, ]. Even, M. Block, M. Eibach, F. Giacoppo, N. Kalantar-Nayestanaki,
O. Kaleja, H. R. Kremers, M. Laatiaoui, and S. Raeder, A Setup to Develop Novel Chemical Isobaric
SEparation (CISE), Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms
463, 508 (2020).

[5] X. Chen, J. Even, P. Fischer, M. Schlaich, T. Schlathélter, L. Schweikhard, and A. Soylu, Stacked-
Ring Ion Guide for Cooling and Bunching Rare Isotopes, Int. J. Mass Spectrom. 477, 116856 (2022).
[6] M. Schlaich, J. Fischer, P. Fischer, C. Klink, A. Obertelli, A. Schmidt, L. Schweikhard, and F. Wien-
holtz, A Multi-Reflection Time-of-Flight Mass Spectrometer for the Offline Ion Source of the PUMA
Experiment, Int. J. Mass Spectrom. 495, 117166 (2024).
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Addressing open riddles in heavy N=Z nuclei with the FRS Ion
Catcher and plans for the first experiments at the Super-FRS Ion
Catcher at FAIR

None

Authors: Gabriella Kripké-Koncz'; for the Super-FRS Experiment Collaboration
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Heavy N = Z nuclei and nuclei in their vicinity are highly interesting to study; they can provide

important insights about nuclear structure, symmetries and interactions and have a high impact in
modelling nuclear astrophysics processes (rp-process, vp-process). A few examples of the striking
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phenomena emerging in these nuclei are the formation of high-spin isomeric states, the direct and/or
[-delayed proton emission from ground or excited states and the strong resonances in Gamow-Teller
transitions close to the proton dripline.

Precision experiments with thermalized projectile and fission fragments will be possible at the Super-
FRS Ion Catcher at FAIR in Early Science/First Science stationed in front of the High-Energy Branch
using a gas-filled cryogenic stopping cell (CSC) and a multiple-reflection time-of-flight mass spec-
trometer (MR-TOF-MS). Envisioned first experiments include measurements of branching ratios
(e.g., B-delayed (multi)neutron emission probabilities), masses and lifetimes as well as the in-cell
production of exotic nuclei by multi-nucleon transfer reactions with secondary beams. In this con-
tribution, work towards these goals will be presented together with results of proof-of-principle
experiments, including highly accurate direct mass measurements of exotic nuclei (§m/m ~ 1078)
that are already possible at the FRS Ion Catcher (FRS-IC), which consists of the existing prototype
CSC together with the MR-TOF-MS.

Recent results at the FRS-IC, achieved within FAIR Phase-0, include the first direct mass measure-
ment of °®Cd, which allowed to study the evolution of Gamow-Teller transition strengths (B(GT)) for
even-even N = 50 and N = 52 isotones [1]. Comparing experimental and theoretical B(GT) values
sheds more light on the controversy around the Qgc value of 1°°Sn [2,3,4]. The mass of ?>Pd was
measured directly for the first time, reducing the mass uncertainty by an order of magnitude. The
result shows that the excitation energies of the presumed parent states of the one-proton (1p) and
two-proton (2p) decay in ¥4 Ag differ from each other by 10 standard deviations, which represents an
important step towards further unraveling the riddles surrounding these decay branches, the inves-
tigations of which were summarized in Refs. [5,6]. Among the scenarios, which could resolve this
apparent contradiction, the possibility of the existence of two structurally different, high-spin states
in 9*Ag, feeding the 1p and 2p decay branches was studied performing state-of-the-art shell-model
and mean-field calculations.

[1] A. Mollaebrahimi et al.,, Phys. Lett. B 839, 137833 (2023).

[2] C. B. Hinke et al., Nature 486 (2012) 341.

[3] D. Lubos et al., Phys. Rev. Lett. 122 (2019) 222502.

[4] M. Mougeot et al., Nat. Phys. 17, 1099-1103 (2021).

[5] A. Kankainen et al., Eur. Phys. J. A 48, 49 (2012).

[6] E. Roeckl and I. Mukha, Int. J. Mass. Spectrom. 349-350, 47 (2013).
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Thermal investigations of target materials at TRIUMF
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A dedicated test stand has been designed, constructed, and installed in the ISAC experimental hall
at TRIUMF to perform thermal characterization of target materials. The setup features a vacuum
chamber in which an electron beam is generated and accelerated across a high-voltage gradient
to irradiate material samples. The system has been successfully commissioned, demonstrating the
ability to heat samples beyond 2000 °C. Benchmarking was performed using graphite samples with
well-established thermal properties. The stand accommodates samples with thicknesses ranging
from 25 pm to 5mm.

This paper presents a combined numerical and experimental approach used to evaluate the thermal
behavior of target materials. The test stand plays a critical role in characterizing materials devel-
oped in-house for the ISAC facility and the upcoming ARIEL project at TRIUMF. It enables studies
on how porosity and morphology in target materials influence thermal performance, guiding the
optimization of target materials for high-intensity isotope production.
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Photoassociation spectroscopy of francium molecules
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Searches for new physics beyond the Standard Model of particle physics re- quire new and innova-
tive probes to push experimental sensitivities past their current limits. Francium silver (FrAg) is a
designer molecule that offers en- hanced sensitivity to new physics, in particular to time-reversal
violation inside the atomic nucleus when incorporating the octuple-deformed 223Fr isotope. As
another attractive feature, FrAg can be assembled from laser-cooled Fr and Ag atoms, providing
ultracold molecules for the anticipated physics studies [1]. The effective molecular formation, how-
ever, requires detailed understanding of low- energy scattering behaviours among all involved atom
species, including the one between two Fr atoms. This talk will detail previous experiments and
present upgrades to TRIUMF's francium trapping facility [2] which allow one to access this scatter-
ing behaviour through photoassociation studies.

1] J. Klos, H. Li, E. Tiesinga, and S. Kotochigova, “Prospects for assembling ultracold radioactive
molecules from laser-cooled atoms,”New Journal of Physics, vol. 24, p. 025005, Feb 2022.
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[2] M. Tandecki, J. Zhang, R. Collister, S. Aubin, J. A. Behr, E. Gomez, G. Gwinner, L. A. Orozco, and
M. R. Pearson, “Commissioning of the francium trapping facility at TRIUMF, Journal of Instrumen-
tation, vol. 8, p. P12006, Dec 2013.
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Improving the resolution of particle identification is a crucial challenge in nuclear physics experi-
ments using heavy ion beams. Among the important parameters for particle identification is the
particle velocity, which is generally determined by measuring the time of flight (TOF) of charged
particles. Enhancing the resolution of TOF measurements can be achieved by either extending the
flight path or improving the time resolution of the timing detector. In particular, improving the time
resolution allows for a more compact experimental setup, making it applicable to a wide range of
nuclear experiments.

In this study, we developed a plastic scintillation counter with excellent time resolution by combin-
ing a fast plastic scintillator with newly developed high-speed photomultiplier tubes (PMTs). Re-
cently, HAMAMATSU PHOTONICS K.K. developed a new series of ultra-fast PMTs that place the
anode potential near the first dynode. On the other hand, ELIJEN TECHNOLOGY also developed
ultra-fast scintillators by adding trace amounts of benzophenone as a quenching agent. We assem-
bled a detector by mounting two of these PMTs on either side of the rectangular ultra-fast scintillator.
We evaluated the performance of the detector using a 132Xe primary beam at 420 AMeV at the HI-
MAC synchrotron accelerator facility at the National Institutes for Quantum Science and Technology.
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Measurements were performed by varying parameters such as the scintillator size, the applied high
voltage to the PMTs, and the discriminator threshold to determine the optimal conditions. As a re-
sult, we achieved a time resolution of approximately o ~ 5ps. In this study, we discuss the final
results of the time resolution of the developed fast plastic scintillation detector and how it can be

applied to physical experiments.
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Instrumentation for RIB experiments II / 136
Recent MR-TOF-MS developments at Jyviskyla
Authors: Ville Virtanen'; the IGISOL group™°™
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During the last decade Multi-Reflection Time-of-Flight Mass-Spectrometers (MR-ToF-MS) [1] have
been established as integral parts of radioactive beam facilities. These devices are used to sepa-
rate and to measure the atomic masses of particularly exotic, short-lived radioactive nuclei to high
precision, shedding light on the nuclear forces [2], the composition of neutron stars [3], and the
yields of radioactive ion production [4]. An MR-ToF-MS has been integrated to the University of
Jyviskyla Ion-Guide Isotope-Separator On-Line (IGISOL) facility [5] and utilized for mass separa-
tion and measurements of exotic radioactive nuclei. In this overview, technical developments of the
IGISOL MR-ToF-MS and the miniaturized radiofrequency quadrupole cooler-buncher [6]; the recent
on-line measurement results, including a solution to the long-standing two-proton decay conun-
drum of 94Ag(21+); and the results of the latest MR-ToF-MS assisted in-source laser spectroscopy of
Ag isotopes are presented.

References

[1] W.R. PlaB, et al., “Multiple-reflection time-of-flight mass spectrometry”, International Journal of
Mass Spectrometry, vol. 349-350, pp. 134-144, 2013. doi: 10.1016/j.ijms.2013.06.005.

[2] F. Wienholtz et al. “Masses of exotic calcium isotopes pin down nuclear forces.”Nature vol. 498,
pp- 346-349 (2013). doi: 10.1038/nature12226

[3] R. N. Wolf et al. “Plumbing Neutron Stars to New Depths with the Binding Energy of the Exotic
Nuclide 82Zn”, Physical Review Letters, vol. 110, iss. 4, 2013. doi: 10.1103/PhysRevLett.110.041101

[4] S. Canarozzo et al. “Isomeric yield ratios and mass spectrometry of Y and Nb isotopes in the
neutron-rich N=60 region: the unusual case of 98Y” arXiv 2025 url: https://arxiv.org/abs/2504.11274

[5] I. Moore et al., “Towards commissioning the new IGISOL-4 facility”, Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, vol. 317, pp.
208-213, 2013. doi: 10.1016/j.nimb.2013.06.036.
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[6] V. A. Virtanen, et al., “Miniaturised cooler-buncher for reduction of longitudinal emittance at
IGISOL”, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment vol. 1072, 170186, 2025. doi: 10.1016/j.nima.2024.170186.
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To study the r-process, experimental information is scarce and modern r-process network calcula-
tions rely on theoretical models that give divergent predictions as one moves away from the valley of
stability. Nuclear masses help to determine the r-process path and shed light on the nucleosynthesis
environment.

The neutron-rich nuclei at N = 126 that populate the r-process third abundance peak are of specific
interest, but they are challenging to produce. The use of high-energy heavy-ion beams with the
Fragment Separator (FRS) at GSI facilitates the study of neutron-rich nuclei in this region. An exper-
iment was performed within FAIR Phase-0 with the goal to search for new isotopes in the neutron
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rich region and to measure masses and half-lives, where the neutron-rich nuclei were produced at
the FRS using a 1 GeV/u 2“8 Pb beam on a 4g/cm? thick ¥ Be target using the fragmentation reac-
tion. The novel technique of mean range bunching was used to measure multiple fragments in one
setting, and the precise mass measurements were performed using the multiple-reflection time-of-
flight mass spectrometer (MR-TOF-MS). The MR-TOF-MS features a high resolving power of up to
1,000,000, short cycle times of a few tens of milliseconds, and mass accuracy down to 20 keV was
achieved in this experiment.

During the experiment, masses of fifteen nuclei around N = 126 were measured, of which four
masses were measured for the first time. The results of this experiment will be presented, including
the first mass measurements of 2°* Ay and 2% Au, where significant deviations from the AME2020
extrapolations indicate a change in the nuclear structure. Irregularities in the mass surface are being
studied using the Skyrme Hartree-Fock plus BCS calculations.
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Nuclear structure studies by collinear laser spectroscopy

Author: Agi Koszorus'
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The study of radioactive isotopes is essential for deepening our understanding of the nuclear force,
particularly in systems with extreme proton-to-neutron ratios. Efforts to unravel how collective
phenomena emerge from complex many-body interactions continue to drive progress in nuclear and
atomic theory, as well as in the techniques for producing and probing radioactive ion beams. Among
these, collinear laser spectroscopy has emerged as a particularly powerful method for extracting key
nuclear properties—such as spin, nuclear moments, and size—thereby providing crucial insights into
the nature of nuclear interactions. Collinear laser spectroscopy supports a wide range of ion beam
preparation and detection schemes. This flexibility enables ongoing innovation and the development
of customised experimental approaches to study isotopes at the limits of nuclear stability.

In this talk, I will present recent findings from collinear laser spectroscopy that have advanced our
understanding of nuclear structure. These examples will be chosen to highlight the key role of these
ongoing technical developments, along with a perspective on future directions in the field. The role
of our new development laboratory at KU Leuven, intended to support experiments in current and
next-generation laboratories, will also be highlighted.
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The Advanced Cryogenic Gas Stopper (ACGS) [1] is the primary device used at the Facility for Rare
Isotope Beams (FRIB) to convert fast beams of exotic nuclei into low-energy beams, which are deliv-
ered to the stopped beam experimental area or to the re-accelerator facility (ReA). As FRIB continues
a phased ramp-up of primary beam power, ACGS must efficiently stop and extract increasingly in-
tense beams while managing the associated charge creation from gas ionization, which is at times
further amplified by intense satellite fragments accompanying the exotic ions of interest. FRIB beam
production has also recently expanded to include fission products from a 238U primary beam, which
exhibit differing beam properties and therefore new beam stopping requirements compared to the
fragmentation mechanism primarily used thus far. In addition to matching the unique profile of
emittance, dispersion, rate, purity, and mass for each incoming beam, ACGS must also effectively
meet the differing rate, purity, and chemical form requirements for each experimental end station.
This presentation will detail the recent operation and performance of ACGS, highlighting the new
beams and new operational regimes accompanying the ramp-up of rare isotope beam production at
FRIB. Total efficiency measurements will be presented along with discussion of the individual con-
tributing components and dependence on various operating parameters. Methods used to manipu-
late low-energy beam properties to meet experimental requirements, such as charge state manipula-
tions with buffer gas purity and reduction of molecular sidebands via collision-induced dissociation,
will also be presented.

[1] KR. Lund et al., Online tests of the Advanced Cryogenic Gas Stopper at NSCL, Nucl. Instrum.
Methods Phys. Res. B 463 (2020) 378

This material is based upon work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics and used resources of the Facility for Rare Isotope Beams (FRIB), which is
a DOE Office of Science User Facility, operated by Michigan State University, under Award Number
DE-SC0000661
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Mass measurements of the heaviest elements with the SHIPTRAP
mass spectrometer at GSI
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Investigating the boundaries of the nuclear chart and understanding the structure of the heaviest
elements are at the forefront of nuclear physics. The existence of the superheavy nuclei is inti-
mately linked to nuclear shell effects which counteract Coulomb repulsion and therefore hinder
spontaneous fission. In the region of heavy deformed nuclei weak shell gaps arise around Z=100
and N=152 as well as around Z=108 and N=162. However, the extension of these gaps and their
impact on the structure of these exotic nuclei, especially the most neutron-rich ones, is not yet fully
understood, as most of the relevant nuclear systems are not experimentally addressed due to limited
production capabilities, i.e. available beam-target combinations and/or corresponding low yields.
Moreover, heavy and superheavy nuclides feature often metastable excited states with half-lives
that can exceed the one of the ground state. Long-lived isomeric states can have excitation ener-
gies of only few tens of keV or below, therefore, their identification is challenging, especially in
decay-based measurements.

On the other hand, Penning-trap mass spectrometry allows the experimental determination of the
binding energy and, when applied to isotopic chains crossing shell gaps can provide information con-
cerning the evolution of the shell gap strength without the detailed knowledge of the structure of the
nuclei under study. Moreover, mass measurements with Penning traps feature sufficient resolving
power to allow the separation of isomeric states when they are populated in the same reaction as
the ground state. Their excitation energy can then be measured precisely.

In recent years, we have established tailored and highly sensitive experimental methods allowing
us to extend the reach of Penning-trap mass spectrometry with the SHIPTRAP setup to heavy el-
ements well beyond uranium. In this talk a review of the latest experimental campaigns will be
presented.
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Isotope Production, Target and Ion Sources I/ 141

ARIEL: New infrastructure, new opportunities for target and ion
source development
Author: Fernando Alejandro Maldonado Millan'

Co-author: ARIEL project

' TRIUMF
Corresponding Author: maldonado@triumf.ca

With multiple planned online target stations and offline test stands, TRIUMF is establishing a unique
facility for the production of radioactive ion beams (RIBs). This multi-station configuration, centered
around the ARIEL project, creates unique opportunities for systematic R&D on ISOL targets, ion
sources, and associated technologies. The magnitude of the project presents commissioning chal-
lenges, while also offering a chance to characterize the system from the outset, thus establishing
a baseline for near and future developments such as more complex target and ion source combina-
tions. This contribution presents an overview of the R&D strategy for ISOL target and ion sources
in TRIUMF’s multi-RIB era.
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Present and Future Mass Measurement Methods of the Rare-RI
Ring
Author: Asahi Yano'
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Corresponding Authors: george.hudson-chang@riken.jp, yamaguch@ribf.riken.jp, nagaedaisuke @mail.saitama-
u.ac.jp, oonishi@ribf.riken.jp, ozawa@tac.tsukuba.ac.jp, asahi.yano@riken.jp, yamaguti@mail.saitama-u.ac.jp, abey@riken.jp,
s.sanjari@gsi.de

Isochronous mass spectrometry (IMS) is one of mass measurement methods particularly effective
for short-lived nuclei. In this method, a storage ring is used to measure the revolution time of the
particles. Since the revolution times of the particles are proportional to the mass-to-charge ratios
of the particles, the nuclear masses can be deduced using IMS. One of the storage rings for IMS is
the Rare-RI Ring (R3) at the RIKEN RI beam factory. This device is in operation and has successfully
measured the masses of rare isotopes [1].

Recently, we have upgraded the mass measurement method in R3 and are attempting to derive
masses with smaller uncertainties. To improve the beam transport and statistical errors, two ver-
tical steering magnets were installed upstream of R3. These magnets were tested in the previous
experiment, and resulted in a seven times higher yield compared to that without the magnets. A
new beam tuning method is also being studied to obtain the revolution time with high accuracy. In
this beam tuning method, it is important to adjust the angle of the particles injected to R3. Finally, a
new Schottky detector was installed in R3. This non-destructive detector aims to measure the mag-
netic rigidity of particles inside R3 and is expected to be a key device to improve the beam transport
and/or more precise mass measurement in the future.

This presentation will first introduce a conventional mass measurement method of R3. Next, the prin-
ciple and method of mass measurements currently under development will be discussed.
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Conditioning and Development of RIB Delivery Systems at TRI-
UMF ISAC Test Stand

Author: Dave Neilson'

! TRIUMF
Corresponding Author: dneilson@triumf.ca

At TRIUMF, the ISAC Test Stand serves as an offline ion beam mass separator station used for tar-
get conditioning prior to online operation and development of various radioactive ion beam (RIB)
delivery systems. Numerous upgrades have been implemented to enhance the reliability of ISAC
targets online and to support future RIB developments. These include the integration of switchable
FEBIAD source bias configurations that provide redundancy during online operation resulting in
extended source lifetime, radiofrequency signal delivery for testing Ion Guide Laser Ion Sources (IG-
LIS), and new stable beam delivery systems. The latter feature calibrated gas leaks and mass markers,
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enabling improved control of the stable ion beam allowing ionization efficiency studies, as well as
characterization of future target designs.
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High-Rate Beams for Stopped and Reaccelerated Experiments from
the Batch Mode Ion Source (BMIS) at FRIB

Author: Nadeesha Gamage'

Co-authors: Alain Lapierre . Ana Henriques !. Antonio Villari '; Christopher Izzo !. Garcia Fernanda ; Georg
Bollen !; Katharina Domnanich 2; Lily Stackable 1. Samuel Nash !; Sierra Rogers 1. Stefan Schwarz !; Vira Zakusilova
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zakusilova@frib.msu.edu, stackabl@frib.msu.edu, fgarcia@frib.msu.edu, henrique@frib.msu.edu, chenx@frib.msu.edu,
bollen@frib.msu.edu, schwarz@frib.msu.edu, gamage@frib.msu.edu, villari@frib.msu.edu, garretts@frib.msu.edu

The Batch Mode Ion Source (BMIS) [1] at the Facility for Rare Isotope Beams (FRIB) has been in use
since 2021 to provide long-lived and stable isotope beams of various elements for successful user
experiments [2]. Its design is based on target-ion-source modules developed and employed at the
ISOLDE frontends at CERN [3]. At FRIB, source samples of the desired isotope, which consist of
the desired isotope distributed on a Ta foil, are placed into the resistively heated target container.
BMIS allows standalone operation in FRIB’s stopped and reaccelerated beam areas, independent of
and complementary to operations requiring the FRIB driver linac and FRIB’s gas stoppers. Samples
of stable or near-stable isotopes can provide unique beams over many days, either to satisfy user
requests or to provide pilot beams for reaccelerated stopped beams. A planned future application
of a BMIS-type source is to provide beams of long-lived isotopes generated in FRIB’s emerging iso-
tope harvesting program. Challenges of BMIS operation include handling at times toxic, high-dose
radioactive sources and minimizing stable beam contamination. Preparing the appropriate chem-
ical forms for beam production can be difficult as well, but allows modifying the compound for
optimum release and transport to the ionizer, maximizing yield. This presentation will discuss expe-
rience gained in BMIS operations so far, with examples of newly developed beams, i.e., *4Ti, °°Ni,
99TC’ 120T€, 229'1'1,1, and 232'1-1,1.

Molecular beams of 22°Th and 232Th are of high interest to research groups looking for physics be-
yond the Standard Model. Both were recently developed using ThCly as the precursor, followed by
reacting it with NF3 gas inside the oven of BMIS. Details on the production of Th, ThF and ThO beams,
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successfully delivered for laser spectroscopy at FRIB’'s BECOLA setup, will be presented. High rates
of stable 12°Te and radioactive "*Ni beams were produced for experiments at FRIB’s ReAccelerator
(ReA). The development of *2°Te led to a successful experiment after addressing safety challenges
related to toxicity and the large quantities of material involved. In the case of *°Ni, elevated contam-
ination levels of the isobaric °°Fe along with the short 6-day half-life added significant operational
challenges. The production of **Ti and ?°Tc beams poses significant difficulties due to the chemi-
cal reactivity of these elements and the physical properties of corresponding compounds. Ongoing
efforts to provide a Ti beam using TiO2 and ilmenite (FeTiO3) compounds on Ta and Zr foils in var-
ious inert gas environments, as well as a Tc beam using chemically homologous Re compounds in
combination with Ir, Ru, and Rh foils will also be discussed.

[1] C. Sumithrarachchi et al., The new batch mode ion source for standalone operation at the facility
for rare isotope beams (FRIB), Nuclear Instruments and Methods in Physics Research B541 (2023)
301304.

[2] Domnanich et al. Applied Radiation and Isotopes 200 (2023) 110958.

[3] R. Catherall et al.,The ISOLDE facility, Journal of Physics G 44 (9) (2017) 094002.

This material is based upon work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics and used resources of the Facility for Rare Isotope Beams (FRIB), which is
a DOE Office of Science User Facility, operated by Michigan State University, under Award Number
DE-SC0000661.
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The Quest for Beryllium-14

Author: Aurelia Laxdal’

Co-authors: Alexander Gottberg '; Andrzej Wolski ?; Bradley Cheal ?; Devon Joseph '; Friedhelm Ames '; Jens
Lassen °; Lucas Backes '; Matthew Pearson %; Max Fatouros '; Peter Kunz
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Corresponding Authors: a.wolski@liverpool.ac.uk, aureliat@triumf.ca, ames@triumf.ca, mfatouros@triumf.ca,
gottberg@triumf.ca, drm.r.pearson@gmail.com, lbackes@triumf.ca, bcheal@liverpool.ac.uk, djoseph@triumf.ca,
lassen@triumf.ca, pkunz@triumf.ca

A milestone of the 2024 ISAC RIB campaign at TRIUMF was the successful extraction and measure-
ment of 14Be at the GRIFFIN detector. The interest for 14Be production in ISAC is mainly driven by
the beta-decay studies of halo nuclei and their mass measurements. Due to the low production rate
of 14Be and its very short half-life (4.35 ms), this rare exotic isotope challenges the limits of the ISOL
targets and laser ion sources.
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To achieve the goal of 14Be production a new tantalum target was optimized for fast isotope releases,
heat transfer, and in target production. Analysis, simulations and experimental studies led to the
development of a target with thinner tantalum foils and a total target thickness 40% of a standard
ISAC target. The proton beam was rotated on the tantalum target for a more uniform temperature
distribution, at an unprecedented high intensity of 85 micro-amperes (40.8 kW). An optical diagnos-
tic to measure and monitor the temperature of the target in real time was used during the target run.
This work reports on the 14Be campaign, the target design, real-time diagnostics, beam delivery
techniques and yields of other short-lived isotopes such as 12Be, 11Li, 9Li and 8Li.
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Molecular Selectivity in a FEBIAD: Inversion of Isobaric Ratios
Through Operational Parameter Optimization

Author: Fernando Alejandro Maldonado Millan'

Co-authors: Carla Babcock !'; TITAN collaboration

' TRIUMF
Corresponding Authors: cbabcock@triumf.ca, maldonado@triumf.ca

Molecular ion production from the TRIUMF FEBIAD ion source was systematically studied as a
function of source operating parameters. During an opportunistic beamtime shift, the FEBIAD was
optimized while isobaric species were measured using TITAN’s MR-TOF mass spectrometer. Ex-
ploring parameter “islands” revealed how each region corresponds to distinct molecular species.
This approach was particularly relevant with CF, injection into an unirradiated UCx target, where
molecular fragments such as 19F and CF3 were mapped in the FEBIAD operational space. UF+, the
molecule of interest, and WOF;+, the dominant isobaric contaminant, were studied, with optimiza-
tion resulting in an inversion of their ratio. This allowed for a cleaner UF+ signal while maintaining
the same overall rate. Initially, the ratio of the target molecule to the isobaric contaminant was 4%
which could be increased to 97% by selecting optimal FEBIAD operating parameters, highlighting
the critical importance of careful FEBIAD operation parameter selection, as well as the need to have
a diagnostic that allows to separate target molecules from isobaric contamination.
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Target Material Laboratories for ARIEL R&D and Production.

Author: Marla Cervantes Smith'

Co-author: Peter Kunz !

! TRIUMF
Corresponding Authors: pkunz@triumf.ca, marla@triumf.ca

Target materials are routinely irradiated at TRIUMF to produce radioactive isotopes. These materials
have customized properties that facilitate the delivery of short-lived species (with half-lives of <10
ms) to experimental stations.

With the development of the Advanced Rare Isotope Laboratory (ARIEL), we are expanding our
scientific capabilities by adding two additional stations, which will increase the demand for targets
with high porosity and micrometric particle sizes by 200%. Our commitment to research and develop-
ment fuels our efforts to introduce cutting-edge target materials, unlocking the potential for exotic
isotopes that are beyond reach elsewhere, and positioning TRIUMF as a beacon of excellence in the
field.

This contribution explores the logic behind the development of the new laboratories that will be ded-
icated to target materials production, embracing the challenges faced by space and resources. Our
strategic plan observes existing target production methods while pursuing optimized techniques and
innovative breakthroughs.
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Machine Learning for Automated Gas Stopper Tuning and Stopped
Beam Delivery at FRIB
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The Facility for Rare Isotope Beams (FRIB), operational since 2022, launches a new era of scientific dis-
covery that builds upon its unprecedented primary beam power. Two complementary gas stoppers
are in use to provide stopped and re-accelerated rare isotope beams to users, significantly extending
FRIB’s scientific program beyond fast beams. Swift and efficient gas stopper tuning is required to
increase beam time for users, allowing for maximal scientific output. A computer program has been
developed to aid and automate tuning the gas stoppers for optimal transmission of each beam. It
employs Bayesian optimization methods to continually update knowledge of the system with new
trial parameters. After briefly introducing the gas stopping system, I will explain the purpose of
major parts of the codes, such as reducing the parameter space and defining the objective function.
In the second half of my contribution, I will present another program that is successfully deployed
to optimize beam delivery in FRIB’s Stopped Beam area. It uses Bayesian optimization to correct
beam misalignment in three repeated steps: varying quadrupole lens voltages, evaluating induced
steering by observing beam shifts with position detectors, and applying corrections to electrostatic
steerer elements. Lastly, the performance of the programs will be demonstrated.

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Of-
fice of Nuclear Physics and used resources of the Facility for Rare Isotope Beams (FRIB), which is a
DOE Office of Science User Facility, operated by Michigan State University, under Award Number DE-
SC0000661.
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Upgrades to ISAC target and ion source high voltage operation

Author: Carla Babcock'
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At the ISAC-TRIUMF facility, operating the target and ion source infrastructure at voltages from 10
keV to 60 keV is key to extracting ion beams and transporting them to experiments. However this

high voltage operation provides numerous challenges for an ISOL facility. Because of the contam-
ination and activation of the equipment, high voltage surfaces facing ground potential cannot be
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physically maintained and thus can deteriorate causing electrical breakdowns. These surfaces are
often in small spaces which require components to be designed with complex and precise geometries.
On top of this, the impact of the driver beam on the ISOL target, beam windows and surrounding
infrastructure creates showers of charged particles that can interfere with the carefully designed elec-
trical fields around the target. This contribution discusses the results of recent upgrades and tests of
the ISAC target modules and target stations in the ongoing effort to reliably run at 60 keV.
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Challenges and performance evaluation of a calorimeter using
over 100 GAGG crystals for intermediate-energy experiments
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Cluster formation is a fundamental phenomenon in nuclear physics and is crucial for understanding
nuclear structure and dynamics. To study cluster formation in nuclei, we use quasi-free knockout
reactions with a proton probe to directly measure clusters formed in the nucleus. This approach,
combined with inverse kinematics, allows measurements over a wide range of nuclei.

To implement this method, we are constructing a TOGAXSI telescope consisting of a silicon strip
tracker and a calorimeter made of GAGG(Ce) scintillators. GAGG(Ce) is particularly suitable for
(p, pX) reaction measurements due to its high density, fast response, high light output, and non-
hygroscopic properties. The TOGAXSI telescope consists of over 100 large GAGG(Ce) crystals.

Page 114



20th International Conference on Electromagnetic Isotope Separators a... / Book of Abstracts

We have encountered challenges in the energy calibration and mass integration of the GAGG(Ce)
crystals. We performed inverse-kinematics cluster-knockout measurements at RIKEN RIBF using
TOGAXSI. In this talk, we will report on the development status and performance evaluation of the
GAGG(Ce) calorimeter based on the insights obtained through this experiment.
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Development of high-flux MRTOF isobar separator at SCRIT fa-
cility
Author: Shun limura'
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The SCRIT facility at RIKEN recently achieved the world’s first electron scattering experiments with
online-produced radioactive isotopes (RIs)[1,2]. The next milestone is an electron scattering exper-
iment using a high-purity 132Sn ion beam. However, the current ISOL-type RI production system
at SCRIT, ERIS, inherently produces isobaric contaminants, particularly '?Sb, which impede exper-
imental precision. We are developing a high-flux Multi-Reflection Time-of-Flight (MRTOF) isobar
separator to address this challenge, taking advantage of its inherently high mass resolving power.[3]
The required luminosity for electron scattering experiments necessitates processing ion beams at
rates up to 10% ions per second—approximately four orders of magnitude higher than typical MRTOF
specifications. Although high ion flux could substantially degrade mass resolving power due to
space-charge effects, the target mass resolution required for separating isobars is around 40,000, sig-
nificantly lower than the intrinsic resolving power (>10°) demonstrated in conventional MRTOF
systems. The key technical challenge thus lies in optimizing system performance to maintain suffi-
cient resolving power under these extremely high-flux conditions.

A prototype MRTOF system is currently under construction. It comprises an ion trapping section,
electrostatic mirrors, and fast kicker electrodes for ion selection. Offline tests with alkali ion sources
have been conducted to evaluate transport efficiency, mass resolving power, and electronic system
performance. These tests have confirmed promising results, demonstrating a path toward achieving
the required operational parameters.

Successful implementation of this MRTOF system will enable production of high-purity, high-intensity,
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and low-emittance RI beams, significantly enhancing not only electron scattering experiments but
also opening avenues for various other precision measurements.

[1] M. Wakasugi et al., Nucl. Instr. and Meth. B317, 668 (2013).

[2] K. Tsukada et al., Phys. Rev. Lett. 131, 092502 (2023).

[3] M. Rosenbusch et al.,, Nucl. Instr. and Meth. A1047, 167824 (2023).
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Inelastic scattering and gamma decay coincidence measurement,
and future plan of streaming DAQ at RCNP
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The inelastic scattering and gamma decay coincidence measurement, e.g., (p,p’7) and (a,a'v), is a
great tool to study nuclear structures. In order to realize the measurement, we performed campaign-
type experiments using high-resolution spectrometer Grand Raiden and Germanium detector array
CAGRA at Research Center for Nuclear Physics (RCNP), Osaka University in Japan. CAGRA stands
for Clover Array Gamma-ray spectrometer at RCNP/RIBF for Advanced research, and the array
was constituted by 12 clovers borrowed from Argonne National Laboratory in the US, the Army
Research Laboratory in the US, the Institute of Modern Physics in China, and Tohoku University in
Japan.

The readout system of CAGRA consisted of electronics including the ANL digitizer modules, which
were developed for the readout of the GRETINA/GRETA tracking detector array. On the other hand,
we are investigating other options to purchase or develop digitizers, which should be suited for our
newly developed streaming DAQ system.

In the presentation, we will show preliminary results of the Pb(p,p’7) reaction at £, = 80 MeV and
other results from the CAGRA+GR campaign collaboration. In addition, we will discuss the previous
and future DAQ systems at RCNP.
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Design Study of a Fragment Separator for Producing Therapeutic
Positron-Emitting Light Ions
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After many years of routine tumor treatment with heavy-ion beams (such as 12C) [1,2], several re-
cent advancements have paved the way for hadron therapy using light, positron-emitting ion beams
[3, 4]. Studies have demonstrated that selected light ion beams (e.g., up to mass number A = 20)
can be efficiently produced via fragmentation reactions and in-flight separation, making them vi-
able candidates for PET-based treatment monitoring due to their favorable half-lives and production
cross-sections. For instance, positron-emitting light ion beams offer a promising avenue for enhanc-
ing in-vivo range verification in hadron therapy through in-beam positron emission tomography
(PET) [5-8].

Building on recent experimental developments and beam dynamics simulations, we present a con-
ceptual design for a fragment separator optimized for the production of positron-emitting light ion
beams for therapeutic applications. The separator employs a magnetic rigidity (Bp)-based selection
mechanism, combined with energy degraders and high-resolution achromatic optics, to isolate de-
sired isotopes from a mixture of fragmentation products. The layout integrates a production target,
dipole and quadrupole magnet systems, and time-of-flight diagnostics to ensure beam purity and tun-
ability across a range of isotopes. The system is designed to deliver beams with sufficient intensity,
spatial precision, and temporal stability for clinical implementation in conjunction with real-time
PET imaging.

This conceptual design aims to serve as a flexible platform for producing a spectrum of positron-
emitting light ions, enabling improved beam range monitoring and dosimetry in hadron therapy. By
supporting the integration of advanced imaging and feedback systems, it represents a step towards
more precise and adaptive cancer treatment modalities.
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The Resonance Ionization Laser Ion Source (RILIS) has become the most-used ion source type in
the ISOL (Isotope Separator On-Line) facilities worldwide due to its element selectivity and high
ionization efficiency. The hot-cavity type RILIS developed at RAON is based on resonant excitation
of atomic transitions by the frequency tuned laser beams which are overlapped temporally and spa-
tially and transported to the 3 mm aperture of the hot-cavity The RILIS laser system consists of 4
Ti:sapphire lasers (High Rep. Ti:Sapphire Laser, Radiant Dyes Laser Accessories GmbH) pumped by
a Nd:YAG laser (LDP series, Lee Laser Inc.) at 10 kHz repetition rate. An additional Nd:YAG laser
(Talon HE GR1000, Spectra-Physics Inc.) of 10 W with 10 kHz is also fitted up for off-resonance
ionization scheme. For the laser ionization scheme study, the RAON RILIS has been already tested
with stable Sn isotopes in the off-line test facility, demonstrating the improved ionization efficiency
[1,2].
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In this presentation, we will report on both stable and RI beam studies of Mg isotopes, which are
currently underway for the development of the resonance ionization laser ion source at the ISOL
facility of IRIS.

[1] S.]. Park et al.,, Nuclear Inst. And Methods in Physics Research B 414, 79 (2018)
[2] S.]J. Park et al., Journal of the Korean Physical Society, DOI : 10.1007/s40042-024-01208-2 (2024)
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The RAON ISOL (Isotope Separation On-Line) system has been in operation for rare isotope beam
production since March 2023. In the early phase, surface-ionized beams of Li, Na, and Al were
produced from a SiC target bombarded with a 70 MeV, 1 kW proton beam. The measurement of short-
lived 24™Na (T'1/2 = 20ms) demonstrated good release efficiency of the SiC target. Masses of 24,25Na
and 26Al ions were measured using a multi-reflection time-of-flight (MR-ToF) mass spectrometer,
achieving a resolving power of up to 170,000. To verify target handling and operational techniques
for future use of UCx target material, a preliminary test using a LaCy target was conducted, resulting
in the production of Cs and Ba isotopes (A = 130-138). In August 2024, a charge-bred 2°Na®* beam
was post-accelerated by the SCL3 linac and delivered to the KoBRA spectrometer, where it was
separated from the contaminants with the same A/q, such as *°Ar®+ and N3+, Laser spectroscopy
of 2122:23Na was also conducted at CLS (Collinear Laser Spectroscopy) to investigate hyperfine
structure and isotope shift. In 2025, 22:23:27:28Mg beams have been produced with the laser ion
source, and production of Al beams using off-resonance laser ionization is underway. The plasma
ion source, following a successful offline validation using noble gases, is being prepared for online
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operation with SiC and TiC targets. Rare isotope beam production using actinide targets such as
UCx or ThC is planned in late 2026.
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The Isotope Separation On-Line (ISOL) system at the Institute for Rare Isotope Science (IRIS) has
successfully produced a variety of rare isotopes (RIs). Various diagnostic devices are used to verify
the Rls. Ions extracted from the Target Ion Source (TIS) are cooled and bunched using the Radio
Frequency Quadrupole Cooler-Buncher (RFQ-CB) to improve the charge breeding efficiency of the
Electron Beam Ion Source (EBIS) and enhance the performance of the Multiple-Reflection Time-of-
Flight Mass Spectrometer (MMS) and Collinear Laser Spectroscopy (CLS) systems. The RFQ-CB can
deliver up to 1E+8 ions per bunch to the EBIS by cooling and bunching a continuous-wave (CW)
beam. The beamline was optimized using stable ion beams such as Cs, Na, and Sn. As a result, up to
1E+8 stable ions were delivered in a bunch with a duration of several tens of microseconds. For the
small quantities of RIs produced, the beams were measured using a plastic scintillator and a multi-
channel plate (MCP) detector. Ions with short half-lives were identified by analyzing the gamma
spectra using high-purity germanium (HPGe) detectors and the scintillator. To accelerate the Rls
in SCL3, it is necessary to adapt the beam energy to 10 keV/u. Beam commissioning was carried
out using the RFQ-CB and EBIS to meet this condition. This year, an experiment was conducted
to charge breed 25Na ions produced from a SiC target and accelerate them in SCL3. Currently,
the produced rare isotopes are being delivered to the MMS and CLS systems for nuclear physics
experiments involving various ion species. This presentation will discuss the current status of the
ISOL system and the RFQ-CB in the context of RI beam experiments.
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In general, accelerator facilities are controlled by a huge number of parameters. The RIKEN RI Beam
Factory (RIBF), a heavy-ion accelerator complex consisting of several cyclotrons and Linacs, is con-
trolled or influenced by more than 600 parameters, including environmental factors. To optimize
these parameters more efficiently and accurately, we are attempting to implement Bayesian opti-
mization (BO). Given the importance of space charge effects and beam loading, it is desirable to
adjust parameters at high beam intensity, making it crucial to develop an optimization system capa-
ble of handling high-intensity heavy ion beams.

We have been working on developing indices suitable for high-intensity beams and exploring meth-
ods for optimization while maintaining operational safety. So far we developed a technique that
enables the simultaneous measurement of beam transmission and spot shape on the target by track-
ing charge-converted particles after passing through the target. Additionally, we are investigating
the use of line BO with a safety function to ensure safe beam optimization. Currently, we are prepar-
ing for simulations and tests using beam line.
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KISS1.5 to reveal the origin of heavy-element synthesis
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To reveal the origin of heavy-element synthesis in the universe, studying nuclear properties such
as half-life, atomic mass, and nuclear structure is essential. Particularly, the properties of heavy-
element nuclei located in unreachable regions, specifically those in the vicinity of the neutron magic
number N = 126 and neutron-rich actinide nuclei, are crucial for understanding the r-process. For
this purpose, we installed the KEK Isotope Separation System (KISS) [1,2], which produces these
nuclei using multi-nucleon transfer reactions [3]. We have studied the nuclear properties through
beta-decay spectroscopy, precise mass measurement using multi-reflection time-of-flight mass spec-
trometry (MRTOF-MS), and laser spectroscopy.

To advance these studies, we upgraded KISS to KISS-1.5 [4], which introduces a new concept of no
separation and simultaneous measurements, facilitated by particle identification using MRTOF-MS.
I will present the details of the KISS-1.5 equipment, which consists of a helium gas cell, MRTOF-

MS, and a variable mass range separator capable of transporting multiple nuclei with different mass
numbers.
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Isotope Separator On-Line (ISOL) facilities are central to the production of high-purity radioactive
ion beams (RIBs) for a variety of research applications. Emerging facilities are increasingly focused
on high-power operation, where radioisotope yields are expected to scale directly with the primary
beam power. However, significant engineering challenges must be addressed to ensure that high-
power Target and Ion Source Systems (TISS) are as efficient as those operating in the low-power
regime. Moreover, RIB yields at ISOL facilities typically degrade over time due to extreme operat-
ing conditions—such as targets and ion sources functioning at temperatures exceeding 2000°C—a
problem expected to intensify in high-power TISS scenarios.
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TISS development typically aims to maximize the efficiency of isotope extraction and ionization,
enabling access to shorter-lived isotopes and even new elements. In parallel, the growing interest
in using the ISOL technique to produce research-scale quantities of novel medical isotopes intro-
duces new challenges. For example, high-throughput ion sources with high ionization efficiencies
are increasingly in demand. High-power targets, in particular, face issues such as cold spots that
can trap isotopes of interest, or high mechanical stresses in target disks caused by localized beam
power deposition. Offline extraction, from previously irradiated targets or even external sources of
radioisotopes has also become of interest, introducing new challenges into the ISOL systems. Other
TISS related components such as converter targets (e.g. proton to neutron, electron to gamma), in-
situ purifying transfer lines or reactive gas leaks or dispenser ovens for molecular beam formation
can also be part of the TISS, opening up new beams for the applications mentioned, but making them
even more complicated which can affect the TISS reliability.

Research on targets and ion sources systems is often conducted as small, isolated projects driven
by the scientific interests of the user community. These technological advancements can lead to
significant increases in RIB yields and enable access to new isotopes and elements at the extremes of
the nuclear chart. This lecture aims to provide a comprehensive overview of the present and future
ISOL facilities and their status, with a focused discussion on their recent technological developments
in target and ion source systems (TISS).
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The CERN HIE-ISOLDE facility accelerates a unique worldwide variety of radioactive ions up to
collision energies close to 10 MeV/A. The physics program encompasses a broad range of nuclear
structure studies, from shell evolution to nuclear astrophysics. To fully profit from the new facility,
our collaboration has proposed the construction of the “Superconducting Recoil Separator”ISRS will
extend the HIE-ISOLDE physics program by in-beam and focal-plane particle-gamma correlation
studies. The design of ISRS is based on an array of superconducting multifunction magnets (Canted
Cosine Theta, CCT), integrated into a compact FFAG particle storage ring. A/Q analysis of reaction
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fragments is achieved by combining cyclotron frequency and RF extraction with ToF and PID at the
focal plane

One of the key elements of the ISRS spectrometer is the prototype of the magnet “MAGDEM”(MAG-
net DEMonstrator), the basic building block of the ISRS particle storage ring. MAGDEM

is an extremely compact, helium-free Nb-Ti CCT superconducting magnet cooled by a single GM
cryocooler that incorporates the nested quadrupole and dipole functions. The cryostat features a
200 mm clear aperture for the circulation of the heavy ion fragments, and it is only ~750 mm long.
The innovative design incorporates a dipole coil (2.3 T) inside a quadrupole coil (10 T/m), providing
the 36-degree bend needed for ion analysis/storage in the ISRS ring

The ISLS (Isolde Superconducting Linear Spectrometer) is a magnetic system that integrates MAG-
DEM into an optical system to perform nuclear reactions to prove its performance and test beam
dynamics simulations. The system also incorporates the reaction chamber, focusing systems, and
focal plane detectors. The design goals for the ISLS are a high transmission (ideally close to 100%),
a compact configuration (must fit in the of XT03 at HIE-ISOLDE) and a high mass dispersion to
optimize separation of isotopes.

The ion-optical codes BMAD, GICOSY, and COSY INFINITY were used for the baseline design. The
phase space dimensionality used was x-a (horizontal) and y-b (vertical), while dm-8E and 6P are cal-
culated as parameters. The focusing condition at the final focal plane is (x,a)=(y,b)=0: point-to-pint
in x, and y The designed lattice of the ISLS will consist of a set of two quadrupole magnets (Q) and
MADGEM (M) with a configuration QMQ. This symmetric design helps to minimize aberrations in
a compact configuration while reaching a mass and energy dispersion ~0.6 cm/% and a momentum
dispersion of 1.2 cm/%. which allows to reach

Tests with stable and radioactive beams are foreseen after LS3 to prove the performance of the mag-
net against the beam dynamics of ISRS for a range of isotopes and energies. Calculated performances
expected for the ISLS will be presented for the reactions 19Ne + d — n + 20Na 19Ne + d — p + 20Ne
of interest in nuclear astrophysics.
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FIRST IMAGE-GUIDED TREATMENT OF A MOUSE TUMOR WITH
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Heavy ion particle therapy is a rapidly growing and potentially the most effective and precise radio-

therapy technique. However, the sharp dose gradients in the distal ends make it extremely sensitive
to range uncertainties. In clinical practice, wide margins extending into normal tissue are commonly
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used to ensure tumor coverage, thereby jeopardizing the benefits of the sharp Bragg peak. Online
range verification techniques could potentially help to overcome this limitation.

PET (positron emission tomography) is one of the most established methods to verify the beam range.
However, for 12C-ion therapy, the low signal-to-noise ratio, the physical shift in the p* activity and
dose peak, and the long required acquisition times limit the PET-based range verification accuracy
to approximately 2-5 mm.

The direct use of B+ radioactive ion beams (RIB) for both treatment and imaging could help overcome
these limitations.

In this context, the BARB (Biomedical Applications of Radioactive Ion Beams) project was initiated
at GSI, aiming to assess the efficacy of !!C-ion combined with real-time PET imaging, for precise
tumor control and toxicity minimization in a preclinical model.

Besides introducing the potential of RIB in clinical applications, the results from the vast experi-
mental campaign, including research ranging from basic nuclear physics and PET detectors devel-
opments to animal treatments, will be here presented.
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Ion traps have become an essential tool for precision studies of rare isotopes, allowing researchers
to confine and manipulate individual ions, or ensembles of ions, for extended periods. They are used
in a wide variety of applications involving rare isotopes, from enabling measurements with unprece-
dented accuracy, even for species delivered at extremely low rates, to preparing high-quality, ultra-
pure beams. They are routinely used in research related to nuclear structure, nuclear astrophysics,
fundamental symmetries, and many other topics. This lecture will explore the fundamental prin-
ciples of electromagnetic ion confinement, focusing on Penning traps, radiofrequency quadrupole
traps, and electrostatic traps used at rare isotope facilities worldwide.
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At RIKEN RI Beam Factory (RIBF), heavy-ion beams such as 238U accelerated to 345 MeV/nucleon
are utilized to produce a wide variety of short-lived nuclei through projectile fragmentation or in-
flight fission reactions, induced when these beams impinge on a beryllium target. This target is
placed at the entrance of the BigRIPS separator. Beam ions that do not undergo nuclear reactions at
the target are intercepted by three water-cooled high-power beam dumps, positioned either inside
or downstream of the first dipole magnet of BigRIPS.

Due to the limited range of heavy-ion beams in matter and the small beam spot size at the dumps,
these components are subject to an intense heat flux exceeding 50 MW/m?, corresponding to a vol-
umetric heat density of over 10 GW/m®. The current BigRIPS beam dumps are designed to safely
absorb beams with heat fluxes up to 100 MW/m?. Operationally, beams with heat fluxes up to 50
MW/m? are routinely employed.

In this contribution, we present a comprehensive description of the BigRIPS beam dumps and re-
port on operational experiences, including a recent incident in 2023 in which a molten mark was
discovered on one of the dumps. Additionally, we discuss planned upgrades to the beam dumps to
accommodate the increased beam power expected in future RIBF operations.
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Over the past 15 years, Multi-Reflection Time-of-Flight (MR-ToF) devices have established them-
selves as indispensable instruments for mass measurements and mass separation of short-lived ra-
dionuclides at radioactive ion beam (RIB) facilities. Within the MIRACLS collaboration at ISOLDE/CERN,
we have expanded the use of MR-ToF devices, adapting them for highly sensitive collinear laser spec-
troscopy (CLS). By storing ions between the two electrostatic mirrors of an MR-ToF device, the same
ion bunch is probed by a laser thousands of times compared to a single passage in traditional CLS
[1,2]. The resulting increase in experimental sensitivity allowed us to access nuclear charge radii of
neutron-rich magnesium isotopes, which were out of reach for conventional CLS due to their very
low production yields. These measurements offer new insights into the island of inversion and pro-
vide stringent benchmarks for nuclear theory. Additionally, we measured the electron affinity of
35Cl with comparable precision to the literature value [3] despite utilizing five orders of magnitude
fewer ions. This opens the door to future electron affinity studies of superheavy elements as well
as across isotopic chains, which will challenge the predictive power of fully relativistic many-body
quantum theories.

The development of the high-voltage MR-ToF device for MIRACLS, capable of storing ions at beam
energies exceeding 10 keV as required to preserve the high resolution of conventional CLS, is also
of great interest for achieving highly selective and high-flux MR-ToF mass separation. Simulations
show that the ion throughput can be enhanced by more than 2 orders of magnitude when increas-
ing the kinetic energy of the stored ions to 30 keV and when improving the MR-ToF design [4,5].
MIRACLS high-voltage MR-ToF device is hence foreseen to be repurposed as a mass separator at
ISOLDE, while a dedicated 30 keV MR-ToF device is in development at FRIB to provide isobarically
and isomerically purified beams at high rates to subsequent experiments.

This contribution presents the highly sensitive laser spectroscopic measurements at MIRACLS and
outlines the design, development status, and the planned first science cases of FRIB’s highly selective
and high-flux MR-ToF mass separator.

[1] S.Sels et al., NIMB 463, 310-314 (2020)

[2] F.M.Maier et al., NIMA 1048, 167927 (2023)

[3] U.Berzinsh et al., Phys. Rev. A 51, 231 (1995)

[4] F.M.Maier et al., NIMA 1056, 168545 (2023)

[5] F.M.Maier et al., NIMA 1075, 170365 (2025)
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The Facility for Rare Isotope Beams, FRIB, started operation in May 2022. Since then, over 400
rare isotope beams have been separated and used in 58 experiments ranging from nuclear structure
to creation of generators for medical diagnostics. The FRIB superconducting LINAC has provided
primary beams ranging from '#0 to 238U at energies from 130 MeV/u to 290 MeV/u. Rare isotope
beams are formed in-flight using the Advanced Rare Isotope Separator, ARIS. ARIS incorporates a
number of features, including infrastructure to operate at 400 kW, momentum compression to better
match rare isotope beams to the subsequent experiments, and vertical and horizontal dispersive
sections. So far, 12 new isotopes have been identified at FRIB, including "1Cr, which is predicted to
be weakly bound. The talk will review the features of ARIS along with operational experience and
first results.
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Proof-of-principle of in-trap laser polarization of Mg-23 ions with
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Author: Tommi Eronen’
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Corresponding Author: tommi.eronen@jyu.fi

The MORA project (Matter’s Origin from Radioactivity) is an experimental setup dedicated to mea-
sure the triple-correlation parameter D in the nuclear beta decay of Mg and 3°Ca. The D correla-
tion is a triple correlation between the spin of the decaying nucleus, the momentum of the emitted
electron or positron, and the momentum of the emitted neutrino in mixed Fermi and Gamow-Teller
transitions. The D parameter is sensitive to physics beyond Standard Model, allowing to probe
charge-parity (CP) violation mechanisms as a condition to matter-antimatter imbalance [1].

MORA consists of a transparent Paul trap and an octagonal arrangement of detectors mounted
around it for positron and recoil ion detection. Trapped Mg ions are polarized with lasers and
then let to decay while observing emitted particles. The degree of polarization is continuously mon-
itored with silicon detectors [2].

In this contribution, the proof-of-principle of the in-trap laser polarization technique will be reported.
The measurements were performed in the accelerator laboratory of University of Jyvaskyla, Finland,
in IGISOL facility.

[1] A. Falkowski, A. Rodriquez-Sanchez, EPJC 82 (2022) 1134.
[2] N. Goyal et al.,, Performance of the MORA Apparatus for Testing Time-Reversal Invariance in
Nuclear Beta Decay, arXiv:2504.16957v1 (2025).
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The low energy storage ring CRYRING@ESR - operational expe-
rience and beams available for experiments

Authors: Claude Krantz'; Frank Herfurth?; Gleb Vorobyevl; Michael Lestinskyl; Nicolas Kehl'; Sergiy Trotsenko!;
Svetlana Fedotova'; Wolfgang Geithner'; Zoran Andelkovic'

! GSI Helmholtzzentrum fiir Schwerionenforschung GmbH
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Heavy, highly charged ions stored at low energy are ideal probes for various questions of modern
physics that range from tests of QED, especially at high fields, to detailed investigations of nuclear re-
actions. CRYRING@ESR is a low energy storage ring transferred from Stockholm, Sweden, to Darm-
stadt in order to profit from the exceptional production capabilities of exotic ions at GSI, Darmstadt,
Germany. Within the FAIR Phase 0 experiment program, CRYRING@ESR provides heavy, highly
charged ions, as for instance U91+, to experiments. Additionally, a local injector has been used for
commissioning and provides light, medium-charged ions.

CRYRING@ESR stores ions ranging from a few 100 keV/nucleon to a few MeV/nucleon. It is also
equipped with one of the most elaborate electron coolers, especially suited to low energy. Such, the
ions produced using the GSI accelerator chain can be decelerated, cooled, and - if needed - extracted.
Taken into operation after the move from Stockholm and some serious refurbishment in 2018, it has
been running routinely within the FAIR phase 0 program since 2020.

Experiments rely on the exceptional vacuum and a multitude of additional detectors and interaction
regions. One region is dedicated to laser-ion beam interaction, while the other is equipped with a
gas jet target and a transversal electron target. In combination with modern detectors like micro-
calorimeters for X-rays or the CARME silicon strip array for particles produced in nuclear reactions,
unique measurements at astrophysical relevant energies and systems have been performed already
and are still ongoing.

In this contribution we will discuss the technical possibilities and limitations, the ion beams available
from the GSI accelerator chain or the local injector, and its properties focussing particularly on the
opportunities for experiments.
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Current Status of Laser Ion Source Development at RAON

Authors: Dong Joon Park’; Ha-Na Kim'; Hee Joong Yim?; Jae-Won Jeongl; Je Hwan Han®; Jinho Lee*; Jun-Young
Moon'; Kyounghun Yoo®; Sung Jong Park®; Takashi Hashimoto'; Wonjoo Hwang'; Young Heum Yeon'

! Institute for Rare Isotope Science (IRIS) / Institute for Basic Science (IBS)
? Institute for Rare Isotope Science (IRIS)

* Ulsan National Institute of Science and Technology (UNIST), IRIS/IBS

* Institute for Rare Isotope Science, IBS

* IBS

® Institute for Rare Isotope Science
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The Resonance Ionization Laser Ion Source (RILIS) has become the most-used ion source type in
the ISOL (Isotope Separator On-Line) facilities worldwide due to its element selectivity and high
ionization efficiency. The hot-cavity type RILIS developed at RAON is based on resonant excitation
of atomic transitions by the frequency tuned laser beams which are overlapped temporally and spa-
tially and transported to the 3 mm aperture of the hot-cavity The RILIS laser system consists of 4
Ti:sapphire lasers (High Rep. Ti:Sapphire Laser, Radiant Dyes Laser Accessories GmbH) pumped by
a Nd:YAG laser (LDP series, Lee Laser Inc.) at 10 kHz repetition rate. An additional Nd:YAG laser
(Talon HE GR1000, Spectra-Physics Inc.) of 10 W with 10 kHz is also fitted up for off-resonance
ionization scheme. For the laser ionization scheme study, the RAON RILIS has been already tested
with stable Sn isotopes in the off-line test facility, demonstrating the improved ionization efficiency
[1,2].

In this presentation, we will report on both stable and RI beam studies of Mg isotopes, which are
currently underway for the development of the resonance ionization laser ion source at the ISOL
facility of IRIS.

[1] S.]J. Park et al., Nuclear Inst. And Methods in Physics Research B 414, 79 (2018)
[2] S.]J. Park et al., Journal of the Korean Physical Society, DOI : 10.1007/s40042-024-01208-2 (2024)
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High resolution laser spectroscopy in the actinide region using
the PI-LIST laser ion source
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The resonance ionization laser ion sources RILIS, pioneered by V.S. Letokhov and his group in the
1980ties, have since found wide applications at all on-line isotope separator facilities worldwide.
This success is based on the excellent specifications of ultimate ionization efficiency, realized for
most elements of the periodic table, combined with very high selectivity achieved by suppressing
unwanted isobars to a minimum in the ionization process.

The advent of tunable lasers with high power, high repetition rate and easy operation, which cover
the entire spectral range from UV to far IR and which can universally be adapted to individual atomic
spectra and scientific tasks, has led to further superb progress in this field in recent decades. In ad-
dition to the efficient production of pure ion beams of radioisotopes for fundamentals studies or
nuclear medicine, e.g. at the CERN radioactive beam facilities (RIB) ISOLDE (on-line) or MEDICIS
(off-line), or the collection of ultrapure radioisotope samples as calibration sources, carried out e.g.
at the RISIKO off-line RIB at University of Mainz, meaningful optical spectroscopy within the laser
ion source unit has become possible. By adequate design of the laser-atom interaction region and
adaptation of the laser specifications, high-resolution spectroscopy has been demonstrated the PI-
LIST version of the RILIS.

In the last years, the technologies of RILIS, LIST and PI-LIST have been applied at the off-line ra-
dioisotope beam (RIB) facility RISIKO at University of Mainz for studies on actinide isotopes of the
elements 89Ac up to 100Fm. The PI-LIST studies yield hyperfine structures and isotope shifts on
top of the basic atomic physics data from the RILIS, both being so far scarce in this region of the
periodic table. Involving theoretical support, the analysis of the high resolution data yields spins,
nuclear moments, and changes of mean-squared nuclear charge radii. This information contributes
to an understanding of the hitherto largely unknown nuclear physics landscape in this area of very
heavy elements and provides guidance for ongoing activities in the range of the heaviest actinides
Md, No, and Lr up to the super-heavy elements 1.

A short introduction into the technical prerequisites for high resolution spectroscopy within the
PI-LIST laser ion source will be given, addressing both off-line and on-line operation, and the spec-
troscopic results will be discussed with a focus on the nuclear structure of actinide elements.

1 M. Block, M. Laatiaoui, S. Raeder, Prog. Part. Nucl. Phys. 116, 103834 (2021). https://doi.org/10.1016/j.ppnp.2020.103834

Email address:

kwendt@uni-mainz.de

Supervisor’s Name:
Supervisor’s email:

Funding Agency:
BMBF, EU

Page 133



20th International Conference on Electromagnetic Isotope Separators a... / Book of Abstracts

Classification:

Isotope production, target, and ion source techniques

Ion guide, gas catchers, & beam manipulation techniques / 200

Isobaric ion separation at CRIS

Author: Tobias Christen’

Co-authors: Agota Koszorus 2. Angelos Karadimas !. Dinko Atanasov *; Frank Wienholtz *; Moritz Schlaich *;
Phillip Imgram ?; Ruben De Groote *; Stefanos Pelonis >

' Ku Leuven

2 KU Leuven

* Belgian Nuclear Research Centre SCK CEN

* Technische Universitit Darmstadt, Institut fiir Kernphysik

Corresponding Authors: tobias.christen@kuleuven.be, stefanos.pelonis@kuleuven.com, fwienholtz@ikp.tu-darmstadt.de,
dinko.atanasov@sckcen.be, mschlaich@ikp.tu-darmstadt.de, angelos.karadimas@kuleuven.be

Precision laser spectroscopy is a powerful technique for investigating nuclear properties such as
nuclear spins, electromagnetic moments, and changes in the mean-square radii in a way that is
independent of a nuclear model [1]. Measurements using this technique are essential for testing
and advancing nuclear theories. The Collinear Resonance Ionization Spectroscopy (CRIS) setup lo-
cated at CERN is capable of performing such measurements across a wide range of isotopes on the
nuclear chart. However, recent experiments have faced challenges due to isobaric beam contamina-
tion, which induced substantial background noise, preventing precise determination of the nuclear
properties [2].

To resolve this issue for CRIS, a multi-reflection time-of-flight (MR-ToF) device [3] can be installed
downstream of the ionization stage. The MR-ToF is an isobar separator proven to achieve high
resolving powers (100k) in several tens of milliseconds, allowing efficient discrimination between
the target isotope and background contaminants. A successful implementation of the MR-ToF at the
CRIS beamline will significantly enhance the signal-to-noise ratio for future experimental campaigns
at CRIS. Additionally, this integration will provide access to previously unmeasured isotopes whose
signals were too weak to be distinct from the overwhelming background.

This contribution provides an overview of the ongoing project, focusing on the devolvement and
testing of the newly commissioned offline MR-ToF beamline at KU Leuven. Preliminary results
from tests demonstrating the feasibility of the MR-ToF system as an isobar separating device at the
end of the CRIS setup will be discussed. Finally, the next steps and future developments will be
outlined.

References:

[1] A. Koszor us et al. Nuclear structure studies by collinear laser
spectroscopy. The European Physical Journal A, 60(1):20,
January 2024.

[2] R. Garcia et al. Laser Spectroscopy of exotic indium (Z = 49)
isotopes: Approaching the N =50 and N = 82 neutron numbers.
Technical report, CERN, Geneva, 2017.

[3] M. Schlaich et al. A multi-reflection time-of-flight mass
spectrometer for the offline ion source of the puma experiment.
International Journal of Mass Spectrometry, 495:117166, 2024.
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Isotope Separation On-Line (ISOL) is a method of isotope production where a target, typically held
in a tantalum container, is bombarded with a high energy driver beam, upon which the resulting
radioisotopes are ionized and mass separated. High temperatures are required for a sufficient yield,
but a combination of these harsh conditions and carbon corrosion from carbide targets leads to
target container embrittlement, which tends to decrease the targets’efficiency on-line. Although a
TaC diffusion barrier is regularly applied to the target containers to increase their lifespan, very little
is known about its effectiveness.

Email address:

marla@triumf.ca

Supervisor’s Name:

Marla Cervantes

Supervisor’s email:

marla@triumf.ca

Funding Agency:

Classification:

Isotope production, target, and ion source techniques

Poster Session / 202

A novel method for deriving decay-energies of unbound isotopes
by measurement of longitudinal momenta of their heavy-ion re-
coils

Page 135



20th International Conference on Electromagnetic Isotope Separators a... / Book of Abstracts

Author: Ivan Mukha!

Co-author: Christoph Scheidenberger '
! GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstrafle 1, 64291 Darmstadt, Germany

In-flight decay spectroscopy is an experimental method that involves observing the decay of radioac-
tive nuclei while they are in swift motion [1,2]. It allows for the study of exotic nuclei at and even
beyond the

driplines, to unravel their internal structure and their decay; for instance, it provides valuable infor-
mation about the decay energy and width of the parent nucleus, insight into the decay mechanism
and levels and transitions in daughter nuclei. The method is based on tracing and analyzing the
angular correlations between the decay products. So far, micro-strip detectors are used to precisely
measure the trajectories of the light decay products (such as protons and light clusters) and the mag-
netic high-resolution spectrometer FRS is used for identification of the heavy (daughter) ions, as
they emerge from the decaying nucleus.

The present contribution outlines the further development of the in-flight decay technique by mea-
suring and analyzing the individual longitudinal momenta of the heavy decay products to obtain
spectroscopic information independently (i.e., without the invariant-mass information). Such a
scheme can be used for determining decay energies of nuclei with half-lives in the nano-second
range where other methods are difficult. For instance, the 72Rb half-life deduced by assuming the
yield systematics was evaluated to T1/2(72Rb) = 103(22) ns. Based on this estimate, the proton decay
energy of ~700 keV may be measured by using this method, which is independent of the mechanism
of proton emission. In a similar way,

longitudinal momenta of heavy-ion recoils from neutron-unbound nuclei provide information on
the decay of their precursors without the direct registration of neutrons. The measurement princi-
ples will be outlined, and simulation results of several case studies will be presented for this novel
method, which can be applied at high-resolution spectrometers for exotic nuclei such as FRS or
Super-FRS, respectively, and also at other in-flight separator facilities.
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