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Abstract: The atomic masses of isotopes of elements beyond fermium, which can presently only be
produced online via fusion-evaporation reactions, have until recently been determined only from
α decay chains reaching nuclides with known atomic masses. Especially in the case of lower-yield
nuclides, for which the sufficiently detailed nuclear spectroscopy required to fully determine the
nuclear structure is not possible, such indirect mass determinations may suffer systematic errors.
For many superheavy nuclides, their decay chains end in spontaneous fission or in β-decay prior
to reaching nuclides of known mass. To address this dearth of accurate atomic masses, we have
developed a multi-reflection time-of-flight mass spectrograph that can make use of decay-correlations
to accurately and precisely determine atomic masses for the very low-yield superheavy nuclides.

Keywords: atomic masses; superheavy elements; MTROF

1. Introduction

The atomic mass is one of the fundamental characteristics of atomic nuclei. The binding
energy holding the nucleus together can be directly inferred from the atomic mass, making
it a key probe of nuclear structures such as shell closures (“magicity”) and changes in
nuclear deformation. It can be argued that the effects of such nuclear structure features are
of utmost importance among the so-called superheavy elements (SHE), generally agreed to
be those with atomic numbers larger than 103. These nuclides would be unbound without
such effects.

Moreover, it has long been assumed that there ought to exist among the superheavy
elements a so-called “island of stability”, whereby neutron and proton spherical double-
shell closure would lead to enhanced stability and long half-lives, possibly on the order of
years [1]. Theoretical evaluations of the stability of as-yet undiscovered nuclides rely in part
on neutron- and proton-separation energies. In addition to informing about the location of
a superheavy island of stability, the systematic behavior of such quantities would also be
useful in determining the maximum extent of bound nuclei.

The atomic masses of isotopes of elements beyond fermium (Z = 100), which can
presently only be produced online via fusion-evaporation reactions, have until recently been
determined only from α decay Q-values along decay chains reaching nuclides with known
atomic masses. However, among the transuranium nuclei, such indirect measurements
are especially fraught. Among lighter nuclides, the yields are often sufficient to allow
precision studies of the nuclear-level structure using modern detectors. For nuclides of
superheavy elements, though, it is not uncommon for fewer than some thousands of
atoms to have been produced in the entire history of the field. Add to that the fact that
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nuclear structure features such as shape deformation [2,3] are prevalent among nuclides
of the superheavy elements, leading to numerous isomeric states and complex nuclear
level schemes. Especially for lower-yield nuclides, for which sufficiently detailed nuclear
spectroscopy to fully determine the nuclear structure is not possible, such indirect mass
determinations may suffer systematic errors from, e.g., decay through unknown states.

For nuclei in the so-called “hot fusion island” to the northeast of 263Rf in the nuclear
chart, the situation is even more dire. These nuclei, primarily produced in reactions us-
ing a 48Ca projectile on an actinide target, have decay chains that uniformly terminate in
spontaneous fission prior to reaching well-known nuclides. These nuclides are completely
isolated from anything that could be produced in macroscopic quantities. As such, even
their identity is confirmed solely from a small set of cross-bombardment studies [4]. As
these nuclides would presumably be the as-yet produced species closest to the island of
stability, an accurate assessment of the atomic masses within this island would be invalu-
able – even just one or two anchor-point measurements to provide Q-value connection
networks (regardless of concerns about incomplete level schemes) could garner incredible
advancements for the nuclear theory of the heaviest elements.

To overcome the problems of compounding errors, which can occur when indirectly
determining atomic masses using long decay chains, as well as the lack of mass anchor
points in the hot-fusion island, will require the direct determination of atomic masses.
However, this is a rather difficult task. As already noted, superheavy elements can only
be produced in fusion-evaporation reactions, with the resulting products typically having
a few tens of MeV total kinetic energy. Such reaction products are simultaneously too
low-energy for the type of magnetic-rigidity and time-of-flight mass determinations, which
could be performed at facilities such as SPEG [5], or the S800 [6], while also being too
energetic for methods based on ion traps.

In recent years, with improved efficiencies in thermalizing ions using helium gas
stopping cells, direct determinations of transuranium nuclides have slowly begun to
be possible [7–12]. These measurements are performed by either Penning trap mass
spectrometers (PTMS) or multi-reflection time-of-flight mass spectrographs (MRTOF-MS).
Herein, we will demonstrate the benefits of the MRTOF-MS technique.

2. Materials and Methods

In the SHE Mass facility, we employ a helium gas cell to thermalize high-energy fusion-
evaporation products. A combination of static (DC) and oscillating radio-frequency (RF)
electric fields is used to transport the thermalized ions to a small extraction orifice where
the combination of electric fields and gas flow whisk the ions into a series of RF ion guides
and RF ion traps. In these RF ion traps, ions are prepared for injection into the MRTOF-MS.
The MRTOF-MS utilizes specialized ion detectors that incorporate electron multiplication
dynodes for detecting the ion impact along with silicon detectors for measuring subsequent
nuclear decays. A sketch of the system is given in Figure 1.

The gas cell is installed after the gas-filled recoil ion separator GARIS-II [13], presently
located in the E6 vault of the RIKEN Nishina Center for Accelerator-based Science; they
were installed in the RILAC hall prior to 2019. A projectile beam with typical energy
of ∼6 MeV per nucleon impinges a rotating target wheel located just upstream of GARIS-II.
With some cross-section, atoms of the projectile will fuse with atoms of the target to
form a highly-excited compound nucleus, which will de-excite through particle emission
(“evaporation”). Ideally, the particles emitted will be dominantly neutrons (see Section 4)
and γ-ray photons. Even for the highest conceivable production cross-sections, the fraction
of the projectile beam that undergoes fusion reactions is less than a part per million (ppm)
and so the purpose of GARIS-II is to remove the unreacted primary beam while transporting
the fusion-evaporation products; see Refs. [13,14] for detailed explanations of how the
separation is performed.
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Figure 1. Sketch of the MRTOF-based based SHE-Mass facility located downstream from GARIS-II in
the RIKEN Nishina Center. The gas cell has a stopping volume which is 50 cm long. The MRTOF
is 1 m long, exclusive of the detector. The inset is a sketch of the alpha-TOF detector which allows
decay-correlated mass spectroscopy to be performed by MRTOF-MS.

The gas cell is composed of a re-entrant vacuum chamber, where the outer chamber
provides a shield vacuum for the inner chamber. The inner chamber, mounted on a
cryohead via an aluminum nitride insulator, houses the stopping volume of the gas cell.
The upstream end of the inner chamber is sealed by a 5 µm thick polyimide window
reinforced by a 90% transmission aluminum honeycomb mesh. Between the gas cell
stopping chamber and GARIS-II is a rotatable energy degrader to reduce the energy of the
fusion-evaporation product ions such that they will predominantly stop inside the stopping
chamber. When the energy degrader is rotated parallel to the gas cell entrance window,
an array of silicon PIN diodes can be inserted to measure the rate of incoming ions when
higher yield species are being studied; this allows confirmation of the GARIS-II transport
tuning and determination of the overall efficiency of the gas cell and MRTOF system.

The stopping chamber contains a series of annular electrodes to produce a DC drift
field. Although prior to 2021, these were composed of a flexible printed circuit board
rolled into a tube, they presently comprise an all-metal structure to eliminate charge-up
of the polyimide substrate when unstopped energetic particles impinge upon it. At the
downstream end of the gas cell is a circular, 10 cm in diameter, traveling wave RF ion
carpet [15]. The carpet is printed on a 50 µm polyimide substrate and consists of 80 µm
wide annular electrodes separated from one another by 80 µm, mounted to the end of
the chamber on an aluminum nitride plate for electrical isolation and thermal wicking. A
250 µm diameter orifice in the center allows ions to exit the gas cell.

The pressure of helium gas in the stopping chamber is regulated to maintain a density
equivalent to typically 100 mbar at room temperature; the gas cell is typically cooled to
50 K before online operations in order to freeze out most contaminants. Incoming ions lose
energy via ionizing collisions with the helium gas atoms. When the effective thickness of
the energy degrader is properly chosen, the incoming ions will lose the last of their kinetic
energy via such collisions and come to rest in the gas. The DC field draws the ions toward
and presses them to the RF carpet, while an RF pseudopotential—produced by applying
signals of opposing RF phases to adjacent electrodes on the RF carpet—repels the ions from
the RF carpet. A four-phase audio-frequency (typically 50–100 kHz) traveling wave [16]
superimposed on the RF signals draws the ions to the central exit orifice. This process
typically requires less than 30 ms.

When the ions reach the central exit orifice, a combination of electric field and gas flow
forces them out and into a small (r0 = 2 mm) RF quadrupole ion guide (QPIG). A DC electric
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gradient across the QPIG guides the ions downstream and into a linear Paul trap, which is
part of a trio of RF ion traps. This triplet of RF ion traps is composed of a pair of axially
segmented linear Paul traps with a special “flat” Paul trap between them [17]. Analyte
ions from the gas cell continuously accumulate in one linear Paul trap, while reference ions
from a thermal ion source continuously accumulate in the other. They are transferred to the
flat trap in an interlaced pattern which we call the “concomitant referencing method” [18].
Every 15 ms, the axial DC electric field in one of the linear Paul traps is modified to transfer
its accumulated ions into the flat trap. The ions cool by helium buffer gas (P ∼ 10−3 mbar)
in the flat trap for 3 ms and are then ejected orthogonally via a small hole in the center of the
flat trap to be injected into the MRTOF. In this way, the reference and analyte measurements
occur essentially simultaneously, and time variations from, e.g., thermal expansion of
voltage drifts need not be a source of systematic error.

After ejection from the flat trap, ions pass through a pair of X-Y steering electrodes
(not shown in Figure 1), which can be used to correct for slight misalignments between the
flat trap and MRTOF and to make the ions enter the MRTOF along its optical axis. The ions
then enter a “pulsed drift tube”; changing the bias applied to this element while the ions
are inside allows us to adjust the ion energy [19].

The MRTOF consists of a pair of electrostatic ion-optical mirrors separated by a field-
free drift region. Both the injection mirror and the ejection mirror are built from 8 annular
electrodes, with the outermost “end-cap” electrodes having a cup-shaped attachment to
better define the electric field at the entry and exit regions. We presently operate the
injection mirror as a “hard mirror” with the five innermost electrodes at the same potential
as the central drift tube located between the two mirrors. The ejection mirror uses all eight
electrodes to form a “soft mirror” which can produce an energy-isochronous flight path
for ions in a specific kinetic energy window. When ions reflect off the energy-isochronous
ejection mirror, it slightly counter-rotates the energy-time phase space of the ions. After a
certain number of reflections, the phase space will be returned to its initial condition, and
the time-of-flight variance among the ions will be minimized, a condition known as the
“time focus”. A wider annular electrode between the central drift tube and ejection mirror
provides spatial focusing for radial confinement. Details of the mechanical design, typical
voltage distributions, energy-isochronicity, and time focusing can be found in Refs. [20,21].

Prior to the ejection of ions from the flat trap, the voltage applied to the injection
end-cap is reduced by ∆V∼3 kV to allow ions to enter the MRTOF. When the ions are near
the ejection end-cap, the voltage applied to the injection end-cap is brought high again to
trap the ions. Care must be taken in the timing of this voltage transition, as if it occurs
while the ions are inside the injection mirror, they will experience a time-varying electric
field, which will be a source of systematic error. Ions are allowed to reflect between the
two mirrors for a predetermined duration consistent with ions of a given A/q to be in the
time-focused condition. At that time, the voltage applied to the ejection end-cap is reduced
by ∆V∼3 kV to allow ions to leave. The exiting ions implant on the alpha-TOF detector.

The alpha-TOF detector [22,23], shown in the inset image in Figure 1, is a modified
MagneTOF detector built in cooperation with ETP Ion Detect, Inc. By inserting a silicon
detector into the ion impact plate, this detector allows for detection of the nuclear decay
of short-lived radioactive ions subsequent to implantation. The ion time-of-flight is deter-
mined by the time between triggering the ejection from the flat trap and the ion impact
signal from the alpha-TOF detector, as determined by a time-to-digital converter (MCS6
from FASTCOM Technology).

Prior to an upgrade in 2021, the central drift tube was biased to approximately−1.5 kV,
and a constant potential was applied to the pulsed drift tube in Figure 1. This mode required
the silicon detector cum ion impact plate to be biased at −2 kV to produce an ion impact
signal. This proved to complicate the acquisition of the α-decay signals and to introduce
noise that lead to reduced decay energy resolution. As part of the upgrade in 2021, the
original self-built high-voltage power supplies [24] were upgraded to EHS Series from
ISEG, Inc., and the applied voltages were shifted to allow the central drift tube to be tied to
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ground potential. In this configuration, ions require an energy boost via the pulsed drift
tube to give them enough energy to enter the MRTOF and later reach the now ground-
biased alpha-TOF detector. When the ions flying from the flat trap toward the MRTOF are
inside the pulsed drift tube, the potential applied to the pulsed drift tube is increased by
a voltage commensurate with the desired ion energy. When the ions leave the drift tube,
they accelerate and gain energy equivalent to the change in applied potential. As discussed
in Ref [20] this allows very precise control over the ion energy and eases the tuning of the
MRTOF-MS voltages.

A further part of the 2021 upgrade to the SHE Mass facility was the installation of an
in-flight deflector [20]. This device consists of a set of parallel plates installed at the center
of the central drift tube. All but one of the electrodes of the deflector are tied to the ground.
By applying small voltage pulses (typically 20 V) to the non-grounded electrode, we can
selectively remove ions.

Analysis Methodology

In order to determine atomic masses with the MRTOF-MS, we must first fit the time-
of-flight spectral peaks. We have found that our peak shapes tend to be nearly Gaussian,
however, they seem to be best represented as exponential-Gaussian hybrid functions
defined as

f (t) =


AeδL(2t−2tc+δL)/2σ2

if t ≤ tL

Ae−(t−tc)2/2σ2
if tL ≤ t ≤ tR

AeδR(−2t+2tc+δR)/2σ2
if t ≥ tR

(1)

where tc is the peak center, σ2 is the Gaussian variance, and δL (δR) is the relative position
of the conversion to exponential decay on the left-hand-side (right-hand-side). Figure 2
shows a typical fit obtained in an online measurement prior to the 2021 upgrade, with a
mass resolving power of m/∆m ≈ 3 × 105 with a measurement duration of 10 ms.

Figure 2. Time-of-flight spectral peak of 185Au2+ produced online in 51V(139La, p4n)185Au reactions.
The peak shape can be seen to be well-reproduced by the fitting function. The measurement was
performed prior to the recent upgrades, and the mass resolving power is m/∆m = 2.5 × 105.

In order to determine the atomic mass of our analyte ions, we make use of a single-
reference analysis method [17]. In this method, we use a single reference ion species to
determine the mass of the analyte as

(m/q)analyte = (m/q)ref · ρ2 = (m/q)ref

( tanalyte − t0

tref − t0

)2

(2)
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where t0 is an inherent electronic delay between the start of the TDC clock and the actual
ion ejection from the flat trap. The value of this time offset is t0 ≈ 50 ns, typically. Before
each online measurement, it is calibrated using a pair of well-mass-known analyte species.
The contribution of this term falls off quickly with longer times-of-flight, and when the
mass-to-charge ratios of analyte and reference are similar, it becomes utterly negligible in
the case of an isobaric reference. As the peak shape is nearly Gaussian, the mass precision
can be approximated as δm = m√

N·MRP
where N is the number of detected ions in the

time-of-flight spectrum and MRP is the mass resolving power, m/∆m = 0.5 · t/∆t, where
∆x refers to the full-width at half-maximum of variable x. The nearly Gaussian peak shape
also allows the performance of ion-by-ion analysis in cases where the yield is too low
to perform peak-fitting. In the case of ion-by-ion analysis [12], a mass-to-charge ratio is
determined for each analyte ion with an error given by the variance of the high-statistics
reference ion spectral peak and the fitting error of the reference peak; in such analysis we
only use the reference ions measured ∼5 min before and after the analyte ion to preclude
the introduction of any additional statistical or systematic errors from our drift correction
algorithm. The atomic mass can then be assigned to the weighted arithmetic mean of the
single-ion masses. The error is renormalized to a unity Birge ratio [25] to account for any
difference in the mass resolving power achieved for reference and analyte.

In order to analyze very low-yield superheavy nuclides, we make use of a decay-
correlated time-of-flight mass spectroscopy method [22,23] to preclude noise or misidenti-
fying a low-yield stable molecular ion for the superheavy nuclide ion. The signals from the
silicon detector in the alpha-TOF detector are recorded using a time-stamped multi-channel
analyzer aligned with the start of each measurement. For each ion impact signal with a
time-of-flight commensurate with the expected flight time of the ion of interest (typically
using a ±50 ns wide gate), a search is made for a subsequent alpha-decay with appropriate
energy within a correlation time window of typically two half-lives. The detector is only
sensitive to decay wherein the alpha-particle is directed toward the silicon detector, and in
such a case, the decay daughter will be ejected from the surface, precluding the detection
of decay chains. However, in the case when the alpha-particle is directed away from the
detector, the decay daughter will be left on the surface, and there is a 50% chance of detect-
ing the daughter decay. In this way, the effective correlation efficiency can be significantly
better than 50% by selecting the correlation window to be long enough to include decay
daughters and sometimes decay granddaughters. By limiting the mass analysis to ion
implantation signals with subsequent decay-correlations, we can confidently work with
yields of a few per day or less.

The decay-correlated mass spectroscopy also allows simultaneous determinations of
atomic mass and half-life. For each decay correlated to an ion implantation, the implanted
atom’s lifetime is directly measured. With an ensemble of such measurements, the half-
life can be assigned to the arithmetic average of the individual atoms’ measured decay
times. For measurements of well-studied nuclides, this serves as a useful cross-check on
the veracity of the measured atomic mass, while for poorly-studied or newly discovered
nuclides, it provides a very efficient spectroscopic analysis.

Moreover, the use of decay-correlated time-of-flight mass spectroscopy allows for an
opportunity to resolve low-lying isomeric states that would otherwise be unresolvable
with the available mass resolving power of the spectrograph. An example is given in
Figure 3 using data published in Ref. [23]. The isomer and ground state of 207Ra requires a
mass resolving power of at least 3.5 × 105 to resolve, which exceeded the capability of our
MRTOF-MS at the time of the measurement. In Figure 3, an energy gate of two full-widths
at half-maximum was made centered on the two known alpha-decay energies, 7320 keV
and 7130 keV. The ion implantation signals correlated with the decays within each energy
gate were then separated. The time-of-flight center of each oval in Figure 3 is given by the
arithmetic average of the times-of-flight of decay-correlated events in each band; the width
of each oval is given by two full-widths at half-maximum for the TOF spectrum based on
the reference ion peak shape.
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Figure 3. Result of a decay-correlated time-of-flight spectroscopic analysis of 207g.mRa. The MRTOF-
MS did not achieve sufficient mass resolving power to separate the two states, but they could be
resolved by including decay energies in the analysis. The blue and green ovals designate 207mRa
and 207gRa, respectively. The height of the ovals is two full widths at half-maximum of the energy
resolution, centered on the known alpha-decay energies of the two states. The width is two full widths
at half-maximum of the time-of-flight, centered on the time-of-flight events inside each alpha-decay
energy band.

By making two-dimensional ToF-energy fits, it was possible to separately mass analyze
the two states 207g.mRa. Furthermore, it was possible to confirm the state ordering—that is,
to confirm that the state with 7320 keV alpha-decays was the isomeric state.

3. Results

The SHE-Mass facility has proven to be highly capable of performing measurements
of transuranium and superheavy nuclides. In its first application to such species, in
2017, the isotopes 249–252Md, produced using a 48Ca beam impinging a 205Tl target, were
measured [11]. These nuclides primarily undergo beta-decay, which precludes indirect
determinations of their atomic masses. By directly determining their atomic masses, it fur-
ther allowed the indirect determination of the heavier element nuclides whose alpha-decay
chains terminated in these beta-decaying nuclides. At the time of these measurements,
neither the alpha-TOF nor the in-flight deflector had yet been implemented. As a result, it
was necessary to spend considerable time irradiating a gold target that could not produce
the Md isotopes and confirm that no counts were seen under such irradiation. In these
early measurements, 246Es and 251Fm were also directly measured for the first time. The six
nuclides nearly doubled the number of directly measured transuranium nuclides [7,8].

With the implementation of the alpha-TOF detector, it was possible to tackle low-
yield superheavy nuclides. The first candidate was 257Db, which can be produced in the
208Pb(51V, 2n) reaction with a cross-section of ≈2 nb [26]. In an initial measurement, it
was possible to determine the mass of 257Db with a relative precision of δm/m ≈ 10−6 [12]
based on 11 decay-correlated time-of-flight events across several days.

Of the eleven decay-correlated time-of-flight events in that measurement, seven had
decay energies commensurate with 257Db. This nuclide primarily undergoes alpha-decay,
emitting alpha-particles with energies near 8875 KeV, 8950 keV, 9050 keV, and 9150 keV. The
lower energy alpha-particles have been found to be emitted with a half-life of T1/2 = 2.3 s,
while the 9150 keV particles are associated with a half-life of T1/2 = 0.7 s [27], indicating at
least two long-lived states. Unfortunately, the alpha-TOF detector’s energy resolution is not
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sufficient to unambiguously resolve these various alpha-particles. However, from recent
measurements [28], we know the yield ratio for each of these alpha-particles, allowing us to
use the known energy resolution of the alpha-TOF detector to then calculate the probability
of a decay-correlated time-of-flight event belonging to either the T1/2 = 2.3 state or the
T1/2 = 0.7 state.

We first build a probability function (PDF) for each state based on the detected α-decay
signal’s energy and the known α-decay energy Ei and relative intensity Ii. Based on the
values in Ref. [28], we use

PT1/2=0.7 s(E, σ) = 0.39 · e−2(E−9155 keV)2/σ2
(3)

PT1/2=2.3 s(E, σ) = ∑
i

Ii · e−2(E−Ei)
2/σ2

, (4)

where E is the detected α-decay energy, σ is the energy resolution of the alpha-TOF detector,
and the set of (Ii, Ei) is (0.02, 8856 keV), (0.35, 8965 keV), and (0.24, 9066 keV). Using this, we
can use a set of decay-correlated time-of-flight mass spectroscopy data to estimate which
of the two states is the ground state and which is the isomer. To do so, we first separately
re-weight the mass uncertainty of each data point as

δm′ = δm/Pj(Eα) (5)

for each state j, where j represents the two states of 257Db (T1/2 = 0.7 s and T1/2 = 2.3 s) in
this case. Next, we calculate the weighted average mass for both states from the data set. If
either the energy resolution or mass resolving power were sufficient to fully resolve the
states, we could expect to unambiguously ascertain the excitation energy and state order
from such an evaluation. However, since neither detector presently meets such conditions,
we must estimate our confidence in such an evaluation based on simulations.

To this end, we made a fairly simple Monte Carlo (MC) simulation (see Supplementary
Materials) to estimate the effect. From the MC simulations, we determined that without
the ability to either resolve the two states in time-of-flight or to fully resolve the α-decay
energies, the evaluation tended, on average, to underestimate the excitation energy. How-
ever, the MC calculations also confirmed that the state ordering could be reasonably well
determined even with few decay-correlated events, as shown in Figure 4.

(a)

(b)

(c)

(d)

Figure 4. Results of Monte Carlo simulations to estimate the confidence with which we can determine
the state ordering using a small number of decay-correlated time-of-flight events for 257Db assuming
(a) isomeric excitation and α-decay energy resolution of (a) 250 keV and 140 keV, (b) 50 keV and
140 keV, (c) 250 keV and 70 keV, (d) 50 keV and 70 keV. The blue circles are indicative of the previously
published data set.

Figure 5 shows the atomic mass assigned to each of the seven time-of-flight events
relative to the 2020 Atomic Mass Evaluation (AME2020) [29] value for the mass of 257gDb,
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as a function of the measured energy of the alpha-decay subsequent to ion implantation.
For reference, the figure also includes the PDF for each state of 257Db. For each event, we
re-weight the atomic mass error according to Equation (5) based on the detected alpha-
decay energy. When we use our previously published data set to calculate the weighted
average atomic mass for the T1/2 = 1.8 s state, we find it differs from the AME2020 value by
∆m = 23(260) keV/c2. For the T1/2 = 0.7 s state, the weighted average differs from AME2020
value by ∆m = −344(260) keV/c2. This would imply the T1/2 = 0.7 s state would be the
ground state. Based on our Monte Carlo simulations and a presumption that the isomeric
excitation is energy is more than 50 keV but less than 350 keV, we can offer this assessment
with between 53% and 67% confidence based on the 7 events observed in our first run.

Figure 5. Atomic mass determined for each of seven decay-correlated time-of-flight events com-
mensurate with alpha-decay of 257Db, a function of detected alpha-decay energy. The probability
density functions (PDF) for the longer- and shorter-lived states of 257Db are also shown in red and
green, respectively. By including a weight from each PDF in evaluating the weighted average, we can
estimate the state ordering and excitation energy.

4. Summary and Outlook

After our initial measurement of the atomic mass of 257Db, we have made signifi-
cant improvements. The energy resolution of the alpha-TOF has been improved from
σ = 150 keV to σ = 75 keV. The typical mass resolving power has been improved from
m/∆m = 2.5 × 105 to m/∆m = 8×105. The system efficiency for ions delivered by GARIS-II
to reach the alpha-TOF detector after ∼700 reflections in the MRTOF is now 5–10%. The
addition of the in-flight deflector now allows much higher confidence in the A/q identifica-
tion of all time-of-flight spectral peaks by limiting the circulating ions to those of a desired
set of A/q values. With the improved performance, an ensemble of ten decay-correlated
time-of-flight events commensurate with the decay of 257Db would allow at least 85%
confidence in the determination of the state ordering presuming an excitation energy of at
least 100 keV.

With these improvements, another measurement was recently made for 257,258Db
with ≈20 decay-correlated time-of-flight events detected for each nuclide. The analysis
is ongoing, but a preliminary comparison to previously published results is provided
for 257Db in Figure 6. In a near-future measurement, we will seek to measure 255,256Db
as well, which will allow a meaningful discussion of nuclear structure around N = 152.
Accelerator time has also been approved for producing 259Sg via the 209Bi(51V, 1n) reaction
for MRTOF-based decay-correlated mass spectroscopy.
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Figure 6. Comparison of previously published [12] (“2020 dataset”) results for 257Db with a pre-
liminary analysis of data taken after upgrading the SHE-Mass facility. The detection rate and mass
resolution can be seen to have clearly improved. Fits are based on the mass resolution of simultane-
ously obtained reference ion spectra. The MRTOF achieved a mass resolving power of 3 × 105 in the
first measurements and 8 × 105 after the upgrades.

Of more value, perhaps, is the approved measurement of Mc and Nh isotopes. The
nuclides 287,288Mc and their decay daughters 283,284Nh are located on the isolated “hot
fusion island” where all nuclides’ decay chains terminate in spontaneous fission. Due in
part to this isolation, the Provisional Report of the 2017 Joint Working Group of IUPAC
and IUPAP [30] recommended the development of orthogonal means to confirm A and
Z of nuclides in this region and offered the suggestion that sufficiently precise atomic
mass measurements might be one possible means of such. With our MRTOF-based decay-
correlated mass spectroscopy technique, this would be quite possible to achieve.

Using the reaction 243Am(48Ca,xn), we expect the yield of 287,288Mc should be sufficient
to produce a few decay-correlated time-of-flight events per week. A fraction of the 287,288Mc
will decay to 283,284Nh in the gas cell, providing at least one decay-correlated time-of-flight
event per week. With a single decay-correlated time-of-flight event, we could confirm the
atomic mass number A with absolute certainty. With the present mass resolving power
of m/∆m = 8 × 105, it would only require four decay-correlated time-of-flight events to
determine the atomic mass to a precision of δm ≈ 150 keV/c2. With such precision, a
comparison to theoretical atomic mass predictions can be made; across a great variety of
models, there are unambiguous gaps between Z values across the isobaric chains in this
region. By comparing a directly determined atomic mass of precision δm < 200 keV/c2 to
theoretical models, it should be possible to provide an orthogonal determination of Z with
high confidence. Forty days of accelerator time has been approved for such a measurement
and will be run as soon as a supply of 48Ca can be procured.

In summary, the multi-reflection time-of-flight mass spectrograph has proven to be of
great utility in analyzing superheavy nuclides. The use of decay-correlated time-of-flight
mass spectroscopy allows very high confidence in the identification of even extremely
low-yield superheavy nuclides. The current performance characteristics of the MRTOF and
alpha-TOF at the SHE-Mass facility are sufficient to determine, with reasonable confidence,
the state ordering in superheavy nuclides that exhibit multiple long-lived states. Future
improvements in alpha-TOF energy resolution should allow yet higher confidence in state
ordering and hopefully will reach the level where excitation energy can be determined for
even low-lying states by fully resolving the α-decay spectrum.

Figure 7 shows the present state of direct mass determinations among transfermium
nuclides. Several isotopes of No and Lr, and one isotope of Rf, have been measured by
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Penning trap mass spectroscopy [8–10]. Four isotopes of Md and one isotope of No were
measured [11] by MRTOF-MS prior to the development of the decay-correlated time-of-
flight mass spectroscopy technique, while two isotopes of Db have been measured [12,31,32]
using decay-correlated time-of-flight mass spectroscopy. In the near future, we plan to
use decay-correlated mass spectroscopy to measure the mass of 256Db and search for
255Db, as well as to measure the mass of 259Sg. When the Nishina Center for Accelerator-
based Science can again supply a 48Ca projectile beam, we will use the technique to
unambiguously determine A and Z for neutron-rich Mc and Nh isotopes and provide mass
anchor points for the isolated nuclides in the “hot-fusion island”.
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Figure 7. Table of known transfermium nuclides. The nuclides with half-lives longer than 10 ms
would be candidates for MRTOF-based decay-correlated time-of-flight mass spectroscopy.
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