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In this research project, a new tool was developed to obtain backgound-free spectra in an MRTOF mass
spectrometer for radioactive ions. Mass measurements of exotic nuclei are a fundamental tool for
the study of nuclear properties far away from stability, astrophysics, and fundamental interactions.

In this research project, a new in-MRTOF deflector (IMD) for the on-line
multi-reflection time-of-flight mass spectrographs (MRTOF-MS) at RIKEN/RIBF has been developed. The
new deflection system has been successfully installed, tested, and applied in on-line nuclear mass
measurements at the BigRIPS separator.

Using the new IMD, several chosen ion-mass units could be transmitted to the TOF detector, while all
other ions were ejected. This new system allowed for overwhelmingly clean ion spectra in the
experiments RIBF199 and RIBF202 (see RIKEN RIBF experiments), where the masses of 73Ni - 75Ni have
been measured simultaneously. IMD systems have been installed in three MRTOF systems and allowed for
successful online mass measurements. At the GARIS-11 separator, the superheavy element masses for
257,258Db have been measured using the IMD. Furthermore, the IMD allowed for the first systematic
measurements of the electrical charge state formed for different chemical elements in a helium gas.
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The nuclear mass is one of the most fundamental observables of atomic nuclei and crucial
ingredient to study exotic isotopes for nuclear structure investigations and astrophysics. For
the investigation of exotic nuclei by the nuclear mass, high-precision technologies are the
preferred tool as they allow for accurate and precise mass measurements with a relative
precision of dm/m < 10-7, where dm is the mass uncertainty of the measurement and m is the
mass of the atom or nucleus. Such precision can presently only be reached with methods
performed at low ion energies. The multi-reflection time-of-flight mass spectrograph
(MRTOF-MS) is nowadays a widely-used tool for fast, efficient, and precise atomic mass
measurements, and is used in many radioactive-isotope (RI) beam facilities worldwide.
However, a common impediment to perform MRTOF mass measurements comes from the
fact that ions produced by in-flight fission or fusion-evaporation reactions (like the case at
RIKEN/RIBF) must be stopped in a gas
cell to make them accessible at low-
energies. Chemical reactions in the gas
J and ionization of residual stable
O> @O~ -@" molecules becomes a critical issue if the
-l _ o r RI of interest are produced at low rates.
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O 06"0-9*-..-" o~ least exotic species having the greatest
 — I _......r yields. Such unwanted ions create an
unwieldy background that complicates
EEmEE '-%-' EEEEE l analyses. Worse, their existence can cast

-y doubt on the identification of low-yield

e r species. It has been shown [Y. Toker et
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al., J. Instrum. 4, P09001 (2009)] that a

Figure 1: Principle of an in-MRTOF deflector. Top: In- pulsed deﬂeCFor in the dr%ft region of an

MRTOF device can rapidly and fully

trap deflector is activated and deflects unwanted ions. guppress such contaminants. While the

ions are circulating in an MRTOF device,

the deflector is pulsed in a specific pattern

interest are isolated and the spectrum is back-ground which allows to select/keep the ions of

interest while ejecting all contaminants

(see Fig. 1 ) . This research project

intended to develop and assemble a novel in“MRTOF deflector (IMD) system to eject

unwanted ions dependent on their mass to succeed mass measurements in challenging on-
line experiments at the RIBF facility.
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The goal of the study was to develop a pulsed electric ion-deflector and install the unit into
the drift-tube section of the ZD MRTOF system at RIBF and other MRTOF systems.
Furthermore: to test the performance and apply the new technique in on-line beam times to
allow for atomic mass measurements of exotic isotopes.

(1) Developing a mechanical design for the IMD: The deflector system had to fulfil the
condition that the electric field must be strong in a very limited region, while negligibly weak
in other regions of the MRTOF mass spectrograph to not disturb the ions of interest. Thus, a
low voltage was anticipated while still allowing for a full suppression of unwanted ions.
Furthermore, the new deflector system had to integrate into the existing system without
changing the stack of electrostatic mirrors.

(2) Goal of the electronics and control system: The IMD required a reliable and fast electronic
pulse-generator delivering the square-wave voltage pulse to the deflector electrode. This
pulser had to guarantee an extremely low residual voltage when being in the off-state to not
disturb ion of interest.

The timing- and control system providing electronic trigger signals to the pulser had to be
accurate in time and programmable to provide a timing sequence which avoids any
disturbance of the ions of interest.
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The new in-MRTOF deflection system has been constructed, installed, and applied at three
existing MRTOF systems: the ZD MRTOF system at the ZeroDegree spectrometer (BigRIPS
facility), the SHE Mass MRTOF system located at the GARIS-II separator, and the MRTOF-
MS at the KISS (KEK Isotope Separator System) facility.

(1) The new mechanical design was supported by simulations of the ions' trajectory using the
state-of-the-art software SIMION. The length of the deflector electrode was chosen so that a
voltage between 20 V and 30 V guarantees for an ejection of unwanted ions. Upon the
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simulations, the design (see Fig.
2) has been chosen to have an
asymmetry (deflector electrode
placed out of the axial center) to
provide a longer path for ions
inside the central drift section
in order to ensure a contact with
the electrode walls with less
than 30 V applied.
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Figure 2: Scetch of the ZD MRTOF-MS with the new IMD shown

with side view and top view.

The distance of the of the plates
is 1 cm while the width was
chosen with 10 cm to shield the
region from the vacuum-

chamber potential outside of the electrode stack. For the deflection electrode, an axial length
of 5 cm was chosen to efficiently eject ions during- or after their passage. All parts were

Figure 3 Photo of the center of the ZD MRTOF-MS

after installation of the new IMD section.

precision machined by an external
company to exactly match the geometric
details of the existing structure. The whole
IMD integrates as a part of the former
cylindrical drift tube and had to be
embedded into the mechanical mounting
structure. All metal parts except the
deflection  electrode by 1itself was
electrically connected to the drift-tube
structure while the deflection electrode
was mounted using a ceramic block as
holder and insulator (see Fig. 3).

(2) In order to drive the IMD, an electric pulsing system has been developed which is able to
provide square-wave pulses in a voltage range between 15V and 45 V. The trigger signal is

Figure 4: Voltage-pulse circuit for

the IMD. Power supplies and

transistor switches are integrated.

provided by a TTL logic trigger from an existing timing
FPGA system. Using fast transistor switches, a duration
for the change between on-state and off-state of less than
20 ns was achieved. The entire circuit is supplied by
insulating DC-DC converters, so that the electric
potential of the central MRTOF section can be freely
chosen for reasons of ion optics. Power supplies to provide
the deflection voltage have been installed on-board and
are integrated into the circuit (see Fig. 4).

Crucial parameters for the timing of the pulses have been
measured initially using alkali ions (e.g. the flight
duration to the IMD and MRTOF lap time). Upon the
known parameters, the ion-mass dependent timing
structure of the deflection pulses has been calculated by a
routine using the software LabVIEW and subsequently
transmitted to the FPGA memory providing the TTL
signals during the measurement cycle. Complex patterns
can now be calculated to protect not only one single ion
mass, but several mass units at the same time while all
other ions with unwanted mass units are eliminated.
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The IMD project was successful by all means and it denotes the most crucial modification of
MRTOF systems at RIBF in the recent years. The new IMD unit has been used in on-line
experiments and became an invaluable standard device in our MRTOF systems. First tests
have been performed using molecules ionized in a helium-filled ion catcher by an alpha-
emitter source irradiating contaminations inside the helium gas. The molecules have been
extracted and forwarded to the MRTOF-MS equipped with the new deflector system. Using
repetitive pulses synchronized to not affect the ions of interest, only a single mass unit could
be transmitted to the TOF detector while all other mass units have been removed from the
flight path by interaction with the activated deflection field. Additional programming of the
pulsing sequence allowed to include multiple mass units (e.g. A=74, A=75, and A=76)
simultaneously while excluding all other ions from reaching the detector. The most important
results will be explained in the following.

First systematic studies about the ion charge states produced in a cryogenic He gas:
Incoming ions from in-flight fission or fusion-evaporation production enter the gas cell as
highly-charged ions and obtain electrons from the helium gas wherein they are stopped.

There is only scarce knowledge about the electric charge state which certain chemical
elements will obtain after collecting electrons from a clean helium gas. This is a major
challenge for online experiments as the identification of the most abundant charge state to
be used for mass measurements costs expensive time

at the accelerator.
The first attempt for a systematic study was done by

producing high-energy radionuclides from a 246Cm

1500

1000

fission source and capture the products in the gas cell

ﬂ‘ of the ZD MRTOF-MS. Ions have been extracted and
2 o ‘ ‘ | mass separated by the IMD unit to transmit and
;,g identify the chemical species of up to three isotopic
B ” mass units simultaneously (see next section).
E A Ll Without using the IMD, such measurements were
B extremely ambiguous and uncertain as many signals
e d i from other mass units were present (see Fig. 5). As
o the number of laps performed for unwanted mass
i units is unknown, a clear identification and ion
17Ru?t counting can become impossible in the case that the

I peaks are overlapping.

1
T
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As a result of the study, a first systematic relation
between the relative abundance of electric charge
states and the ionization energies (1+, 2+ states) has
on/off for A = 107 fission products from the been obtained for many chemical elements [A.
Takamine et al., in preparation]. The study shows a
common trend depending on the 2nd and 3rd
ionization potential of the element (see Fig. 6). In future online experiments, this information
is invaluable to shorten the preparation for mass measurements, i.e. the time needed to
search for the most abundant charge state.

TOF -11.629104 ms

Figure 5: Comparison of spectra with IMD

gas cell.
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Figure 6 fraction of charge-state population for elements between Zr and I, including different

isotopes of the same element. A relation between ionization potential and fraction was confirmed.



Mass measurements of neutron-rich Ni isotopes delivered at BigRIPS:

In 2021, online beam time for the measurement of neutron-rich Ni isotopes was allocated.
The isotopes of interest have been produced using a 238U beam with 345MeV/nucleon
impinging on a Be target (experiment RIBF202, see RIKEN RIBF experiments or contact
marco.rosenbusch@riken.jp). The Ni isotopes
have been slowed down using SUS and Al

A

J 36ArH+
é A= 74 o A= 73 beam-energy degraders, and have been stopped
g in the He gas cell at the ZD MRTOF-MS. Upon
£ 695 700 extraction and transport of ions in the ion
2 laps laps guides and trap system, a high number of
contaminating ions complicated the
500+ 7agyes NIt 0& measurements (stable molecules and other
66 products delivered with the beam, similar to
QO the top of Fig. 5). The IMD unit was used to

74702+ Qg BEut select the mass numbers of interest.
,5& For the first time in an online experiment the
@ 73Zn2* new mode of selectively protecting more than
LU LD | . one mass unit has been applied. A logic NOR
g e, 236 condition was employed to pre-calculate the

timing pattern of the trigger signals. The NOR
Figure 7 Time-of-flight measurement of NI condition guaranteed the off-state of the IMD if
any of the wanted 1ons is crossing the critical
region. In this way, the isotopes 7374Ni have
have been measured simultaneously while being heen measured at the same time, and also
747Ni (see Fig. 7), where the two latter
represent the present cutting edge of known Ni
masses. The new IMD lead to overwhelmingly
clean ion spectra and allowed for unambiguous, accurate, and precise mass measurements.
The new mass results will be published soon [W. Xian, M. Rosenbusch et al., in preparation].

1sotopes. Two isobaric chains, A = 74 and A= 75,

free of any other contaminants.

Extended mass measurements of 257.278Dh:

After the first mass measurement success of the superheavy element 25"Db at the SHE Mass

MRTOF system located at the GARIS-II separator [P. Schury et al., PRC 104, 1L.021304 (2021)],

a subsequent online measurement has been performed to obtain more data for 257Db, and also

258Db for the first time. Both isotopes have been obtained as doubly-charged ions from the
gas cell. The production cross

*’Db 2°°Db section was low and the
28 singles 22 singles 12C,o'Hg*| measurement took 46 hours,
20— 17 correlated 13 correlated where only a few events per
m £ day were detected. Even with
@ [ clean conditions in the gas cell,
g - such long measurement times
8 L are generally accompanied
= ”l I” with contaminant background

17110 17110.5 171115 7112

@4671;1173 molecules in the spectrum. The

installation and application of
Figure 8 IMD-purified spectra for the mass measurement of the an IMD in this system allowed
for clean spectra lasting for a
long measurement time. With
success, the two isotope masses have been measured at the same time while contaminants
were excluded. Together with decay-spectroscopic correlation of the events, the identification
of both species was unambiguous and the count statistics for both cases could be extended [P.
Schury et al., in preparation]. The new results are preliminary published in [RIKEN Accel.
Prog. Rep. 55, 6 (2022)] and [RIKEN Accel. Prog. Rep. 55, 7 (2022)], and will be published
after finishing the remaining available beam time.

Time-of-flight [ps]

superheavy elements 2°7Db and 2>$Db.
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