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We report atomic mass measurements of the unstable nuclides 73−75Ni, 73−78Cu, and 74−78Zn, which have been accomplished using multi-reflection time-of-flight mass spectrometry combined with new technical developments to resolve challenges for exotic-isotope identification and selection. The isotopes were produced in-flight at the RIKEN’s Radioactive Ion Beam Facility and delivered to the combined gas cell and multi-reflection system installed downstream of the ZeroDegree spectrometer. The incoming high-energy beam was energy-degraded and subsequently stopped in a helium gas cell. The energy degrader thickness was optimized using a new method that employs signals from plastic scintillators located upstream and downstream of the helium-filled gas cell. Extracted isotopes of interest were mass-selected by the in-MRTOF deflector method, for which we discuss simultaneous selection of multiple isobar chains. The ions of interest were identified unambiguously using β-decay-correlated mass measurements for the first time, which is demonstrated for 78Zn. The new mass values are compared with literature values and recent measurements performed at JYFLTRAP and ISOLTRAP, where a generally good agreement is observed.
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1 INTRODUCTION
Reaching the isotope 78Ni has been one of the major goals for high-precision atomic mass measurements since its first production in 1995 [1]. A worldwide effort has since been spent to reach more neutron-rich Ni isotopes, where the physical interest is, in principle, two-fold. The first point of interest is to benchmark fundamental nuclear theory exploiting the double closed-shell configuration of 78Ni, where the proton- and neutron-separation energies along the neutron numbers crossing the line N=50, and the spectrum of excited states, have been investigated using advanced methods and interaction types [2–6]. In the last decades, there have been arguments about whether 78Ni can preserve the doubly-magic character against the deformation, as the large neutron excess pairing correlations and cross-shell excitations (causing collective behavior) may lead to a decrease of the proton shell gap [7, 8]. Available experimental data to date suggests a stable configuration of the 78Ni core [9–12], although multi-particle multi-hole excitations, core polarization, and intruder states have been highlighted in this region of the nuclear chart [13–15]. A second point of interest for isotopes in this vicinity comes from the importance in studies of stellar nucleosynthesis, where masses and half-lives are required for the estimation of neutron capture rates in hot stellar environments and, subsequently, in rapid neutron capture (“r-process”) network calculations [16–19]. A further ingredient for astrophysical calculations, gaining recent interest, is the release of β-delayed neutrons, which causes a branching of the decaying nuclei towards stability [20].
While atomic masses of the Cu isotopes have been precisely measured up to N=50 [11], and those of the Zn isotopes up to N=52 [21], Ni isotopes have not yet been explored that far. When precise atomic mass measurements in the vicinity of the last two doubly-magic isotopes lacking precise atomic mass measurements – 78Ni and 100Sn – come into focus, low-energy mass measurements at radioactive ion beam (RIB) facilities are continuously reaching their limits. Beyond the limitations coming from the low production cross sections, the key challenges are ion-transport efficiency, ion selectivity, and being able to distinguish the ions of interest from background signals. The latter can come from real ionic background (contaminating ions), or from other sources like radioactive decay and dark counts at the ion detector. In ISOL-type facilities (e.g., CERN/ISOLDE [22]), the extraction from the hot ISOL target depends on the ionization properties of the radioisotopes, and is thus element dependent. Furthermore, contaminating isobaric ions coming at high yields, i.e., orders of magnitude higher than that of the wanted ions, demand the development of solutions to deal with such scenarios [21, 23, 24] for both Penning-trap (PTMS) [25–27] and multi-reflection time-of-flight (MRTOF) measurements [28–30].
In-flight facilities presently offer great promise due to higher production rates [31, 32]. Helium-gas filled stopping cells equipped with ion funnels or radiofrequency carpets (hereafter: radiofrequency gas cells, RFGC) build the energetic bridge between the high-energies of radioactive beams produced in-flight and the requirements for cooled ions in an ion trap [33–35]. Also at in-flight facilities both PTMS and MRTOF based high-precision mass measurements are being performed (see e.g., [36, 37], and [29, 34, 38, 39]). Challenges for RFGC based experiments concern the stopping efficiency of the incoming ions, an efficient ion extraction from the RFGC, and the presence of abundant stable molecular ion contaminants; the latter becoming ionized by the beam and sometimes flooding the mass spectra with unwanted events. Additionally, chemical reactions with the incoming ions of interest can form radioactive molecules and distribute the valuable isotopes in molecular sidebands.
At the BigRIPS in-flight separator at RIKEN [31, 40, 41], an MRTOF mass spectrograph has been coupled to a 50 cm RFGC in through-beam configuration [42]. In the recent past, dedicated efforts have been spent to reach optimal stopping conditions of the incoming radioactive ions (RI) in a short time, to handle scenarios of unwanted molecule extraction from ionized contaminants in the He gas, and to reduce the background noise by decay-correlated ion identification. In this work, we describe and demonstrate the application of recent developments to resolve challenges under on-line conditions, with a focus on the first application of our β-TOF detector. At the same time, we will discuss the results of mass measurements for neutron-rich Ni isotopes and other isotopes in the vicinity, from two dedicated experiments (performed in 2020 and 2021). Among the results, we present high-precision mass measurements of 74,75Ni, and compare the results with those from the JYFLTRAP group, recently published in [19].
2 EXPERIMENTAL PROCEDURE
In this section we briefly describe the experimental procedure. New developments and applications are described in detail in separate subsections.
To produce the radioactive ions (RI) of interest, primary beams of 238U were accelerated to 345 MeV/u using a series of accelerators at the Radioactive Isotope Beam Factory (RIBF) [43] within RIKEN. The energetic primary beams impinged upon a 4 mm-thick 9Be primary target, resulting in the production of a wide variety of RI – including those around 79Cu – through in-flight fission reactions. The reaction products were accepted by the BigRIPS spectrometer [31, 40, 41] downstream of the target, where the desired RI were carefully selected, purified, identified, and then transported to the subsequent ZeroDegree spectrometer (ZDS) [41] before being injected into the ZeroDegree Multi-Reflection Time-of-Flight (ZD MRTOF) system [39], which is illustrated in Figure 1. The RI exiting the ZDS were too energetic (with energies exceeding 100 MeV/u) to be directly stopped within the cryogenic RFGC [33, 44], which was filled with helium gas at a room-temperature-equivalent pressure of 200 mbar at a temperature of approximately 74 K. To match the RI energy to the stopping power of the RFGC [45], a rotatable stainless steel plate with a thickness of 4 mm was positioned in front of the gas cell entrance window. This beam-energy degrader was controlled by a step motor, allowing for precise adjustments in steps of 0.0072°. The angle of the degrader was optimized for each specific RI by measuring the pass-through fraction of each RI [46] as a function of the degrader angle. This was accomplished by measuring the counting rates of plastic scintillators located both upstream and downstream of the RFGC as presented in Section 2.1.
[image: Diagram showing the layout of an MRTOF-MS system, highlighting components like the reference ion source, ion mirrors, central drift tube, plastic scintillators, rotatable degrader, and detection areas including the RF carpet and β-TOF detector. An incoming beam passes through these elements for analysis.]FIGURE 1 | Sketch of the experimental setup consisting of a gas cell (RFGC), a triplet ion-trap suite, an MRTOF-MS, and a β-TOF detector. Highly energetic ions from the ZeroDegree spectrometer are entering from the bottom right. Incoming ions and ions transmitted through the gas cell were detected using plastic scintillators. Stopping of ions in the helium was achieved by a rotatable beam-energy degrader. Ions were extracted from the RFGC by a segmented quadrupole RF ion guide and forwarded to an adjacent linear ion trap for ion accumulation. Analyte and reference ions are concomitantly transferred from the linear Paul traps to the flat trap for final cooling prior to injection into the MRTOF-MS. While reflecting, contaminant ions (red ion cloud) are removed by an in-MRTOF deflector, and the purified ensemble (green cloud) eventually hits the β-TOF detector for TOF measurement and detection of subsequent β-decays.After passing through the energy degrader and entrance window, the incident RI will continue to lose energy through collisions with helium gas. The more energetic of these ions will reach the end of the gas cell and either stop in the exit window or pass through it and be delivered to downstream apparatuses, while the lower-energy ions will eventually stop and reach thermal equilibrium with the helium gas. A combination of statically biased electrodes and radio-frequency ion carpets provide an electric field that attracts, collects, and transports the RI to the RFGC’s exit aperture and then transfers them to a well-established triple ion-trap suite [38, 47, 48] via a small segmented quadrupole RF ion guide. The trap suite consists of a central Paul trap with planar geometry (hereafter: flat trap) with two linear quadrupole ion traps coupling to it from each side – one to accept analyte ions from the RFGC, and the other to accept reference ions from a thermal ion source. The RI and reference ions from the thermal ion source accumulate and further cool down in the linear ion guides, and are concomitantly transferred to the flat trap for final cooling before being ejected into the MRTOF-MS for time-of-flight analysis, with an interval of approximately 25 ms between each reference and analyte sub-cycle (see [42, 49] for details on the timing sequence). The ions undergo back-and-forth reflections by a pair of electrostatic ion mirrors, during which the ions have an average kinetic energy of 2.5 keV/q within the field-free region between the ion mirrors. To mitigate the impact of highly abundant contaminant ions, a parallel-plane in-MRTOF deflector (IMD) is installed within the field-free region to allow generation of a transversal electric field to selectively deflect ions. The generation of the deflection field was synchronized with the lap time of isobaric ion chains of interest, thereby removing contaminant ions from different lap numbers during the multiple-reflection process. After about 700 laps of reflection, corresponding to a time of flight of about 12 ms for the RI, the ions were released and subsequently impacted on the newly developed “β-TOF” ion detector [50] (modified from an ETP 14DM572 MagneTOF [51]) at the end of the flight. The time of the ion-impact signal relative to the signal to eject ions from the flat trap, defining the time-of-flight of an ion, is recorded by an ultra-fast multi-event time-to-digital converter (TDC) (MCS6A, Fast ComTech) with an inherent resolution of 100 ps per time bin [52].
2.1 BigRIPS PID-based optimization of the degrader angle
In order to perform mass measurements in the ZD MR-TOF device, it is necessary to halt the radioactive ion within 500 mm of helium gas. The typical beam energy after the ZeroDegree spectrometer ranges from 100 to 200 MeV/nucleon (3 MeV/nucleon energy distribution when a mono-energetic wedge degrader is used). To effectively decelerate these energetic beams within the helium gas, a thickness-adjustable degrader system was employed. While the optimum degrader thickness for individual ion species of interest can be estimated by LISE++ [53], this value should be fine-tuned experimentally using the F11 plastic detector (F11PLA) and a second plastic detector located downstream of the gas cell (GCPLA). For isotopes with low intensity (rates as low as 1 count/h at the β-TOF detector), directly measuring the rate curve by counting ions with the MRTOF is impractical. In such cases, the ratio of transmitted isotopes can be measured as a function of degrader thickness, which allows for determining the optimum degrader thickness independent of the ion losses during the transport up to the MRTOF-MS. We have developed an online data analysis program for degrader thickness optimization within the frame work of the RIBF data acquisition (DAQ) system [54]. The program provides real-time particle identification (PID) of the RIs before and after entering the gas cell, using the beam-line detectors of BigRIPS in coincidence with F11PLA and GCPLA. Figure 2 demonstrates the optimization of the degrader for 75Ni using a 4 mm thick rotatable stainless steel flat degrader. The ratio between the beam rate detected in the GCPLA and the F11PLA decreases with increasing effective degrader thickness. The optimum degrader thickness depends on the energy distribution of the incoming beam, but typically corresponds to a pass-through fraction of approximately 0.3∼0.5 and can be calibrated using a higher-intensity RI with the MRTOF-MS.
[image: Graph showing the pass-through fraction versus degrader thickness in millimeters. The fraction starts steady at around one, then decreases sharply between 6.5 and 7 millimeters, leveling off near zero at 7.5 millimeters. Black circles with error bars and a red line represent data points and trend, respectively.]FIGURE 2 | Degrader-thickness optimization for 75Ni. The curve shows the ratio of rates detected by GCPLA and F11PLA as a function of the degrader thickness. The profile was used to determine the optimal setting for efficient isotope stopping in the He gas.In the present experiment, the RIBF DAQ system utilizing CAMAC-based Analog-to-Digital Converters (ADC) and Time-to-Digital Converters (TDC) were employed for the degrader thickness optimization. However, this system experiences sizable acquisition deadtime, reaching up to 85%, under high-intensity cocktail beams of approximately 13.5 kHz. Such deadtime prolongs the data taking time for degrader optimization of rare events involving exotic nuclei.
To address these limitations, we conducted parallel testing of a Digital DAQ (DDAQ) system based on high-speed digitizers, aimed at acquiring PID data from beamline detectors of the BigRIPS-ZeroDegree spectrometers. Signals from key beamline detectors of ZeroDegree spectrometer, including plastic scintillators at the seventh (F7) and eleventh (F11) BigRIPS focal planes, the Position-Sensitive Parallel Plate Avalanche Counter (PPAC) at the tenth (F10) focal plane, and the Ionization Chamber (IC) at the F11 focal plane, were processed using CAEN V1730 digitizers. These digitizers operated with Digital Pulse Processing for Pulse Shape Discrimination (DPP-PSD) and Pulse Height Analysis (DPP-PHA) firmwares in a channel self-triggered mode [55]. Combining high-resolution timestamp information of down to few tens of picoseconds and energy information for each channel, the DDAQ system enabled online event reconstruction, real-time PID, and reduced data acquisition deadtime.
The performance of the DDAQ system was evaluated by analyzing the deadtime and event rate through a non-paralyzable deadtime model, fitting the distribution of time intervals between consecutive events [56]. Figure 3 illustrates the sizable reduction in deadtime achieved with the DDAQ system compared to the CAMAC-based system. Specifically, the DDAQ system exhibited a deadtime of approximately 4 μs, compared with the 377 μs observed with the CAMAC DAQ. Additionally, a PID plot generated using the DDAQ system, with just a few beamline detectors employed, demonstrates sufficient resolution to identify exotic nuclei.
[image: Graph showing decay curve and scatter plot. The main graph, a histogram, plots counts per microsecond against time in microseconds. It shows a declining curve with yellow coloring, and a blue highlighted area around 400 microseconds. The inset scatter plot displays clusters of colored points with axes labeled Z and AoQ, identifying 76Ni. The color bar ranges from 1 to over 100, with a gradation from blue to red.]FIGURE 3 | Fitted distribution of time intervals between consecutive events measured with the DDAQ system (orange-filled) compared with that obtained using the BigRIPS CAMAC DAQ (blue-filled). The inset presents the associated PID spectrum. The CAMAC DAQ’s 337 μs deadtime is clearly visible in the blue-filled curve.Following the success of this test, the DDAQ system was further employed to read out Time-of-Flight (TOF) signals from the ZD MRTOF system. The TOF events recorded by the MRTOF stop detector were time-stamped, enabling the correlation of events between two independent PID methods: those derived from the ZeroDegree beamline detectors and the MRTOF Mass Spectrometer (MRTOF-MS). This capability facilitated online monitoring of the absolute efficiency of the RFGC and ZD MRTOF setup.
2.2 On-line application of the multi-mass protection mode with an IMD
An unavoidable characteristic of the MRTOF-MS is that ions with different A/q values appear in the time-of-flight spectrum with different numbers of revolutions. When there are few impurity ions, it is possible to distinguish whether a given signal corresponds to the analyte A/q ion or not by changing the number of measurement revolutions by at least one [57]. However, impurities dominate in many online measurements, making their removal a critical challenge.
To this end, purification using an IMD has been implemented at several facilities [58–60]. The simplest method of selection is to roughly restrict the mass range by adjusting the timing of the pulses applied to the IMD at the ion injection stage. Furthermore, periodically applying pulses was demonstrated for the transmission of a single chosen A/q. In the present study, a selection more ideal to in-flight cocktail beams was achieved by applying a highly refined pulse sequence to allow multiple arbitrary mass ranges to pass safely.
To perform effective mass selection with the IMD while maintaining high-precision mass measurement accuracy, it is necessary to set appropriate pulse amplitude, timing, and pulse count. Particular care must be taken when measuring ions with multiple A/q values. During the several hundred round trips, there are certain moments when multiple analyte ions pass through the deflection electrodes nearly simultaneously. By using only those limited time windows, pulses are applied to the deflection electrodes only when all of the analyte ions are sufficiently far from the deflection electrodes during both the forward and return paths. To provide a visualization of this timing scheme, a simplified example for ion motion and pulse pattern is shown in Figure 4. If the desired analyte ions are too dispersed in timing, however, there can be effectively no opportunity to apply removal pulses. In that way, pulses are applied when the on-time can be sufficiently long. Similarly, the choice of the desired analyte masses must occasionally be reduced to limit the off-time of the deflector and ensure efficient broadband ejection of unwanted ions.
[image: Diagram illustrating ion-reflection time versus opportunity pulse logic. It includes three sections: pulse trains with custom waiting times, opportunity logic showing "Yes" and "No" states, and position waves with labels "center," "Inj. M.," and "Ej. M." The x-axis represents ion-reflection time in arbitrary units.]FIGURE 4 | Example for a pulse pattern to protect ions of three different masses, with a mass difference of 8% to each other. The top part shows the logic of the pulse signal, the middle part shows opportunities to switch the deflector when none of the ions is in the affected region, and the bottom part illustrates the simplified ion positions (each mass with different color) during reflection between injection mirror and ejection mirror. The shaded region in the bottom, in which red color is used for the ion position, denotes the zone in which an ion would be influenced if the deflector voltage is present during crossing. The red shaded region in the top illustrates a time interval in which only short deflector pulses could be applied as the ions are not passing the IMD at similar times. In such time intervals IMD pulses are omitted.Since the trajectories of all A/q ions can be accurately determined from the revolution number and flight time of a reference ion, the valid pulse application timings can be calculated numerically. In a typical case (e.g. three different mass units with A ≈ 100), four convenient time windows can be found within 4 ms and 8 ms flight time, during which approximately 30 deflection pulses (20–30 V) are applied (120 pulses in total). This allows the removal of unwanted A/q ions without affecting the time-of-flight (ToF) of the required ions. By applying properly configured pulses in the later stages of the revolutions, this method is also used to remove heavy isobaric molecular ions, or to eliminate longer-lived nuclei (near the line of stability) to reduce background in the β-ToF detector.
In Figure 5, two IMD-purified spectra from reaction products delivered by BigRIPS are shown: visibly clean due to the selected transmission. At the ZD MRTOF system, it is typically possible to select up to four simultaneously selected isobaric chains without degrading operation, depending on the particular selection. Choosing the transmitted isobaric chains must be carefully done to avoid an overlapping of ion peaks. Depending on the prior knowledge of the expected spectrum, more or wider mass ranges can be selected subsequently to provide clarification. In Figure 5 we provide examples of well-chosen (bottom) and poorly chosen (top) timing parameters. In the latter unwanted ion transport resulting in overlapping isobar chains can be seen, where A/q=78/2 ions have been erroneously transmitted along with A/q=75/2,76/2,77/2 ions and appear at similar times-of-flight.
[image: Bar charts displaying ion counts versus time of flight (TOF) in nanoseconds. The top chart shows peaks for ions like \(^{38}\text{Ar}^+\), \(^{76}\text{Cu}^{2+}\), and \(^{78}\text{Zn}^{2+}\). The bottom chart features ions such as \(^{36}\text{Ar}^+\), \(^{74}\text{Cu}^{2+}\), and \(^{73}\text{Ni}^{2+}\). Laps and mass numbers are specified for each section.]FIGURE 5 | Top: Time-of-flight spectrum for A/q = 75/2, 76/2, 78/2 isobars (radioactive ions in 2+ state), where the IMD has been preset to transmit A/q = 75/2, 76/2, 77/2 (A/q = 77/2 not abundant). Color shades indicate expected regions for different isobar chains. One can see limitations due to the presence of 78Ga/Zn/Cu2+ ions transmitted along with the other isobar chains without intention (see text). Bottom: Time-of-flight spectrum of A/q = 73/2 and A/q = 74/2 isobars.2.3 First on-line application of a β-TOF detector
The newly developed β-TOF detector [50] comprises a stack of two 500 μm-thick silicon solid-state detectors (SSDs, Hamamatsu S-14605) installed within the impact plate of a 14DM572 MagneTOF, enabling the detection of ion impact and subsequent β-decay using a single detector unit. The surface of the top SSD was coated with a 10 nm gold layer and a 5 nm Al2O3 layer to enhance the emission of secondary electrons following the impact of incident ions. As illustrated in Figure 6A), these emitted secondary electrons are guided to an electron multiplier by the superposed electric and magnetic fields of the ETP MagneToF detector, generating a distinct electronic pulse as the signal of ion impact for the time-of-flight measurement. Furthermore, when β-unstable RIs have been stopped in the β-TOF detector, subsequently emitted β-particles could pass through and trigger the two SSDs, forming a ΔE−ΔE telescope for β event identification. The energy signals from the two SSDs were amplified by shaping amplifiers and recorded using a portable USB analog-to-digital converter (USB-ADC, TechnoAP APG7400A [61]). The USB-ADC also recorded the synchronized signal of ion ejection from the ion trap for β-decay and TOF correlation measurements.
[image: A) Diagram of a detection system showing components like the wire grid, material-coated SSD surface, impact plate, and ceramic substrate. Incoming ions are depicted with a red arrow, and signals like decay and TOF are indicated with green arrows. Secondary electron paths are marked with blue lines.B) Photograph of a square detector housing viewed from the front, featuring a visible sensor inside.C) Side view of the detector housing displaying connectors and structural components on a wooden table.]FIGURE 6 | (A) Schematic of the β−TOF detector taken from Ref. [50]. (B,C) are photos of the β−TOF detector. (B) shows the entrance of the detector. Through the wire grid, the front-side SSD – implanted into the impact plate of the detector – is visible. (C) shows two additional SMA connectors, which were added for the signal outputs from the two SSDs inside the detector.Figure 7 illustrates the procedure for evaluating β-TOF correlated measurements. Signals from both SSDs are continuously recorded with timestamps provided by the internal clock of the USB-ADC. To identify candidates for β-decay events, a 1 μs coincidence window ΔTβ−β is opened for each event detected on one SSD. If a signal from the other SSD occurs within this window, the pair is considered a β-event candidate. Flat-trap ejection triggers are additionally recorded by the USB-ADC, allowing the determination of the time-of-flight signal timestamps from the MRTOF-MS within the same time reference. For each TOF event, a decay-time window ΔTβ−TOF≡ [−10×T1/2, +10×T1/2] is applied, where T1/2 is the expected half-life of the ion of interest. Any β-event candidate falling within this window is registered as coincident with the corresponding TOF event. The time difference between the β event and the TOF event is defined as a possible decay time of the ion, where β events occurring prior to the TOF signal (i.e., negative decay time) are used to estimate the β-background distribution. As background may arise from uncorrelated β decays of other radioactive ions or from accidental coincidences of electronic noise between the SSDs, these random events contribute a uniform background in the decay-time distribution. In contrast, the true β decays correlated with the ions of interest accumulate to form an exponential decay profile in the histogram, becoming prominent with increased statistics.
[image: Diagram showing a timing sequence for a time-of-flight (TOF) system. It features three horizontal lines labeled TOF, Si_front, and Si_rear, with vertical markers indicating events. The green and red shaded areas show time intervals ΔT_β-TOF and ΔT_β-β respectively. Arrows depict the ADC clock direction. The bottom includes timing notations β-β_coin. and β-TOF_coin.]FIGURE 7 | Schematic illustration of β-β and β-TOF coincidence events. Events detected by the TOF and silicon detectors are represented by blue and red circles, respectively. The green and red filled rectangles indicate the time windows defined by the corresponding TOF and β events for the β-TOF and β−β correlated measurements, respectively. Note that the time windows are not drawn to scale for clarity.An example of successful β-TOF correlation is shown for the case of 78Zn in Figure 8. In the example shown, decay correlation is demonstrated through an unbinned fit of the decay curve data, describing the activity evolution of parent and descendant nuclei. A statistical significance of approximately 5σ were determined using the Profile Likelihood method within the RooStats framework.
[image: Graph showing counts per 0.56-second bin with error bars. Three lines represent different data fits: a horizontal blue line, a red curve, and a magenta curve. The lower panel shows fit-data residuals. Efficiency is seven plus or minus four percent, and significance is approximately five sigma.]FIGURE 8 | Measurement example for β-TOF coincident events using 78Zn (T1/2=1.47(15) s from [62]), which was available in higher quantities during the experiment. The top panel displays the decay curve fitted with the Bateman equation (blue), incorporating parent (red) and descendant nuclei (purple) in the decay chain with half-lives fixed to literature values. The bottom panel shows the residuals between the data and the fit. The background fit was performed using uncorrelated events before ion impact, while the fit range for the decay starts with the ion impact time and continues for several half lives of the expected isotope.In this first effort using the β-TOF detector on-line, however, intense background events were observed. The background originated from electronic noise and β-decay of RI deposited on the SSD. Since the SSDs were implanted inside the MagneTOF detector, they inevitably picked up noise from Zener diodes within the commercial detector, which contributes to the major part of the low-energy counts from the two SSDs, especially the one at the entrance side. To suppress accidental β−β coincidences from noise in both SSDs and to prevent overloading the SSD data acquisition system at high throughput rate, high detection thresholds – equivalent to approximately 160 keV – were applied to both channels of the USB-ADC. In addition, the design used in this study has an insulating ceramic layer (0.8 mm) between the two SSDs, where a simulation reveals that the coincidence efficiency is about 11% (i.e., a fraction of low-energy β particles cannot penetrate to the second SSD). These factors limit the detector efficiency, where measurement and simulation (∼10% detection efficiency) have been in agreement when testing with 78Zn. Despite the high baseline noise, β-β coincidence measurements effectively suppress accidental coincidences caused by electronic noise. For instance, in the case of 78Zn, the β counting rate decreased dramatically from approximately 0.05 cps during beam-on periods to 0.0007 cps in post-beam measurements. This sharp reduction indicates that the dominant source of the observed β background was the true β-decay of RI deposited on the front-facing SSD.
In upcoming efforts, effective background suppression will be a key focus. Both implanted RIs and electronic noise must be mitigated to improve the signal-to-noise ratio of β-TOF measurements. Strategies include careful use of the IMD and implementation of tighter slit settings in BigRIPS to reduce the total number of RI deposited on the SSD. Additionally, integrating a fast-switching power supply to promptly disable the MagneTOF upon detection of an ion of interest would allow subsequent β decays to be captured in a quieter electronic environment [63]. Moreover, half-life measurements under non-zero background conditions remain an important topic for further investigation with this new detector setup. In clean conditions (β-TOF detector not contaminated), a detection yield of several tens of ions per hour would be sufficient for the purpose of half-life measurements. This application is particularly interesting for assignments of ground state and isomer separated by mass, if the corresponding half-lives differ sufficiently. The present study validates the major purpose of the application, which is to distinguish the RI from stable intruder molecular ions in the TOF spectra.
3 DATA ANALYSIS
Due to the instability of voltages applied to electrodes of the MRTOF-MS as well as thermal expansion from temperature fluctuations, the TOF of ions drifts during the measuring time. A software drift correction was performed to recover the high resolution of the TOF spectrum. After drift correction, fitting procedures were applied to extract the peak center of the ion of interest. The high-order ion optical aberration of the mirrors and low-angle scattering of ions by residual gas in the MRTOF-MS resulted in an asymmetric spectral peak shape. To approximate the peak shape, the Gaussian-exponential hybrid function of Equation 1 was applied in the fitting process to extract the central TOF of a peak by the maximum log-likelihood method. In the fitting function, tm denotes the peak center of the central Gaussian component and represents the ion’s TOF. The shape of the distribution is characterized by five parameters: σ, tL, tR, tr1, and k1. Here, σ is the standard deviation of the central Gaussian. The parameters tL (tL<0) and tR (tR>0) define the transition points from the Gaussian peak to the left and right exponential tails, respectively, relative to tm. The parameter tr1 specifies the onset of a secondary exponential tail on the right side, measured from tm, and k1 (k1>0) is its corresponding decay constant. These shape parameters are determined by fitting the most intense ion peak, which usually serves as the reference ion, to inhibit the influence of peak shape. These parameters were then fixed, leaving only amplitude and peak position as free parameters during the fitting process to extract the TOF of other peaks in the same spectrum. In the following example, Figure 9a, 39K+ from a thermal ion source was selected as reference ions. Fitting for 39K+ was first performed to determine shape parameters, which were then fixed in the fitting routine in order to extract the TOF of 75Ni2+, Figure 9b. The spectrum was measured with 75Ni2+ making 700 laps, corresponding to a flight path of ∼1 km. The mass resolving power, Rm=t/2tFWHM, of 75Ni2+ in this spectrum was evaluated to be ∼6×105, indicating the high mass resolving power that was achieved in this work.
ft=A⋅exptLtL−2t−tm2σ2,  t<tm+tLA⋅exp−t−tm22σ2,t∈tm+tL,tm+tRA⋅exptRtR−2t−tm2σ2,t∈tm+tR,tm+tr1A⋅exptRσ2tR2−tr1−k1t−tm+tr1,t≥tm+tr1(1)
[image: Two graphs compare time-of-flight (TOF) data for isotopes. Graph (a) shows \(^{39}\text{K}^+\) with a prominent peak at TOF 12,622,394.48 nanoseconds. Graph (b) shows \(^{75}\text{Ni}^{2+}\) with a peak at TOF 12,379,133.8 nanoseconds. Both have counts per 1.8 ns-bin on the y-axis.]FIGURE 9 | Time-of-flight spectra for (a) 39K+ and (b) 75Ni2+ after 700 laps in the MRTOF-MS. Shape parameters used for the fitting of analyte spectral peaks were determined from the profile of the 39K+ spectral peak.The relation between TOF (t) and the mass-to-charge ratio (m/q) of an ion is expressed as
t=am/q+t0,(2)
where a is a constant related to the device characteristics and t0 is a time offset for the delay from the start trigger of TDC to the actual ejection of an ion. By measuring the TOF of the reference ion with a well-known mass and following Equation 2, the mass of the analyte can be given by Equation 3
mx=mrefqxqreftx−t0tref−t02=mrefqxqrefρ2,(3)
where tx, mx, and qx denote the TOF, mass, and charge of the analyte ion of interest, respectively, while tref, mref, and qref represent the corresponding quantities for the reference ion. The ratio ρ=(tx−t0)/(tref−t0) in Equation 3 therefore characterizes the ratio of the actual TOF of the analyte to that of the reference ion. In addition to radioactive ions, stable molecular ions with precisely known atomic mass values, such as 36Ar1H+ were also observed in the spectra, providing useful benchmarks for t0 calibration. By adjusting t0 to align the measurement of 36Ar1H to agree with literature values given in AME2020 [64] and considering the 1σ error band, t0 was evaluated to be 82.5 (2.5) ns. As noted in Ref. [65] and Ref. [66], using an isobaric reference ion results in a relative systematic mass uncertainty δm/m from δt0 of about 10−9, corresponding to ∼0.1 keV in the mass range of this work—negligible compared to statistical uncertainties. When an isobaric reference is unavailable, a non-isobaric ion is used. In such cases herein, the relative mass deviation from the AME value, defined as Δmexp/mAME=(mexp−mAME)/mAME, has been estimated to be approximately −5×10−8/(A/q), based on recent offline evaluations of the systematic uncertainty.
4 MASS MEASUREMENT RESULTS
The mass results of the analyzed data set are shown in Table 1; Figure 10. In the recent literature, two high-precision mass measurement campaigns focused on the shell evolution of neutron-rich Ni isotopes have been reported. In 2017, the masses of copper isotopes were measured at ISOLDE up to 79Cu, where large-scale shell-model calculations including a model space up to 8p8h (8 protons, 8 holes) configurations were performed, and support a doubly-magic character of 78Ni [11] using the data of Cu masses. More recently, in 2022, the masses of Ni isotopes were successfully measured at JYFLTRAP, reaching the isotope 75Ni for the first time, and have been reported in an astrophysical context [19]. In our complementary study, atomic masses for a total of sixteen radioactive isotope have been precisely measured, allowing comparison with the two preceding publications and the AME2020 data. For the isotopes 74,75Ni, deviations of mexp−mAME=249(200) keV and 184(201) keV, respectively, compared to the AME2020 extrapolation were previously observed [19]. Our measurements of 74,75Ni masses in this work agree within about 10 keV with these recent results from JYFLTRAP. A similar agreement is obtained for the masses of 77,78Cu, in comparison with the previously reported values from ISOLTRAP [11]. Furthermore, we find agreement to the AME2020 mass data for radioactive and stable ion species.
TABLE 1 | Measured isotopes, the reference ion, effective time-of-flight ratios ρ, measured mass excess MEMRTOF, mass excess from literature AME2020 [64], and mass deviation calculated as Δm = MEMRTOF - MEAME20.				MEMRTOF	MEAME2020	Δm
	Species	Ref. ion	ρ	(keV/c2)	(keV/c2)	(keV/c2)
	73Ni2+	73Cu+	1.000065381 (162)	−50103 (22)	−50108.2 (24)	5 (22)
	37Cl+	39K+	0.9740256420 (874)	−31756.8 (62)	−31761.552 (52)	4.7 (62)
	36Ar1H+	39K+	0.9741502982 (53)	−22942.78 (37)	−22942.571 (26)	−0.21 (37)
	74Ni2+	39K+	0.9741322240 (331)	−48441.7 (47)	−48700#(200#)	258#(200#)
	74Cu2+	39K+	0.9740786414 (703)	−56019.1 (99)	−56006.2 (61)	−13 (12)
	74Zn2+	39K+	0.974009888 (100)	−65741 (14)	−65756.7 (25)	15 (14)
	75Ni2+	39K+	0.9807276839 (443)	−44045.4 (63)	−44240#(200#)	195#(200#)
	75Cu2+	39K+	0.9806544630 (236)	−54470.0 (34)	−54470.22 (72)	0.2 (34)
	75Zn2+	39K+	0.9805975627 (888)	−62571 (13)	−62558.9 (20)	−12 (13)
	76Cu2+	39K+	0.9872000112 (200)	−50982.1 (29)	−50981.63 (91)	−0.5 (30)
	76Zn2+	39K+	0.9871210570 (628)	−62297.2 (90)	−62303.0 (15)	5.8 (91)
	38Ar+	39K+	0.9870713219 (190)	−34712.2 (14)	−34714.83 (20)	2.7 (14)
	77Cu2+	77Zn2+	1.000069303 (161)	−48856 (23)	−48862.8 (12)	7 (23)
	77mZn2+	77Zn2+	1.000005259 (241)	−58035 (35)	−58016.8 (20)	−19 (35)
	78Cu2+	38Ar1H+	1.000069249 (146)	−44787 (23)	−44789 (13)	2 (26)
	78Zn2+	1.0000874270 (982)	−44789 (14)	−44789 (13)	1 (20)
			−44788 (12)*	−44789 (13)	1 (18)*
	78Zn2+	38Ar1H+	0.9999820088 (366)	−57464.0 (53)	−57483.2 (19)	19.2 (57)
	78Ga2+	38Ar1H+	0.999939351 (169)	−63660 (28)	−63704.1 (11)	44 (28)
	78Zn2+	0.999957271 (368)	−63694 (40)	−63704.1 (11)	10 (40)
			−63671 (23)*	−63704.1 (11)	33 (23)*
	38Ar1H+	78Zn2+	1.0000181264 (468)	−27425.7 (35)	−27425.86 (19)	0.2 (35)


Extrapolated values of AME2020 are denoted by #. For isotopes measured with more than one reference ion, the mean of their measurements is denoted by an *.
[image: Graph comparing the differences in mass excess between ZD-MRTOF-MS measurements and literature (AME 2020 and S. Giraud) for various isotopes. It displays data points with error bars for ZD-MRTOF-MS and references for A. Welker's studies using \(^{85}\)Rb\(^+\) and \(^{78}\)Ga\(^+\). Axes are labeled with isotopes on the x-axis and mass excess differences (keV) on the y-axis.]FIGURE 10 | Deviations of the measured isotope masses from the AME2020 values are shown, except for 74,75Ni and 78Cu, whose deviations are taken relative to the values in Ref. [19]. Measurements of 78Cu using a single reference ion (85Rb+) and using two reference ions (85Rb+ and 78Ga+) from Ref. [11] are denoted by the hollow triangle and square, respectively.Giraud et al. [19] have studied the impact of newly measured masses of 74,75Ni on the electron-capture rates and eventually the core-collapse supernova dynamics. In this work, we further explore the impact of our newly measured mass values on the neutron capture rate in the r-process. We follow the framework of [66] and use the mass results to investigate the impact on neutron-capture reaction rates (σν) for the isotopes in question. To this end, the nuclear reaction modeling code TALYS 1.96 was used with default settings for the optical model potentials, level densities, and γ-ray strength functions. Figure 11 show the relative change in reaction rates at the standard r-process temperature of T=1 GK, calculated using using the mass values from this work and those listed in the AME2020 [64]. The most pronounced changes in (n,γ) reaction rates are obtained for 73-75Ni with an increase of about 30 % for 75Ni. The sensitivities of r-process trajectories to neutron-capture rates have been studied in Ref. [67], where neutron-rich isotopes with Z=26−34 have been set into relation in Figure 7 of Ref. [67]. Changes of σν for the isotopes 73-75Ni moderately affect the production of elements in the weak r-process, whereas the highest impact for the Ni chain is expected for 76Ni, for which high-precision mass measurements have yet to be performed.
[image: Chart showing the relative change to AME20 for isotopes of Selenium (Se), Arsenic (As), Germanium (Ge), Gallium (Ga), Zinc (Zn), Copper (Cu), Nickel (Ni), and Cobalt (Co) with neutron numbers from 41 to 52 and proton numbers from 27 to 34. Colors range from blue for decreases to red for increases.]FIGURE 11 | Isotope chart with color-coded changes of σν at T = 1 GK obtained from calculations with different input mass values. The color scale represents the relative difference between reaction rates calculated using TALYS 1.96 with the new mass values from this work (σνexp) and those using masses from AME2020 (σνAME2020). The relative change is defined as (σνexp − σνAME2020)/σνAME2020. Nuclei with known masses (AME2020) and stable are showed as light and black box, respectively.5 CONCLUSION
In summary, three novel methods (and devices) were tested on-line for the first time in two multi-reflection time-of-flight mass measurement campaigns focused on neutron-rich Ni isotopes:
	• Particle-identification based transmission measurements were employed to accelerate the optimization of the flat-degrader thickness into order to maximally stop ions in the gas cell. A newly implemented DDAQ system provided real-time particle identification (PID) with a dead time reduced by approximately two orders of magnitude, offering significantly improved data acquisition efficiency compared to the existing RIBF DAQ system based on CAMAC.
	• An advanced pulse pattern applied to an in-MRTOF deflector (IMD) allowed for selective retention of ions with individually selected mass-to-charge ratios, while preventing the transport of unselected ions. Clean TOF spectra with more than one mass unit at the same time have been obtained for radioactive ions, allowing for simultaneous measurements.
	• The introduction of the novel β-TOF detector enabled identification of ions, and to distinguish radioactive species from stable molecules. This method also allowed for an approximate half-life evaluation of the radioactive ions. In this first application, the analysis could be demonstrated with abundant ion species such as 78Zn through correlated measurements of β-decay and time-of-flight. However, high radiation background prevented the application for challenging (i.e., low-yield) cases.

In total, seventeen isotopes have been analyzed within these experiments, wherein 78Cu and 73,74,75Ni are the most exotic cases. The atomic mass values have been compared to other recently published values, where agreement was found within the 1-σ measurement uncertainties. The atomic mass results have further been used to calculate r-process neutron-capture cross sections for the nuclei of interest. For future β-decay correlated measurements the present work denotes a proof of principle, while further work is required for selection of ADC threshold settings, shaping amplifier parameters, and understanding the effects of beam intensity in order to enhance the signal-to-noise ratio and optimize the performance of the detection system. New designs for higher β-detection efficiencies are under discussion.
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