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Abstract

The chemical behavior of superheavy elements (SHEs, Z > 103) remains poorly
understood. Their chemical properties are expected to deviate from established
periodic trends, challenging the predictive power of the periodic table. To inves-
tigate these elements experimentally, they must first be synthesized through
nuclear reactions and then quickly subjected to chemical studies before they
decay. Given the low production rates of these reactions and the need for measure-
ments on an atom-at-a-time basis, innovative techniques are needed. To address
these challenges, a novel gas-phase chemistry method has been developed at
Lawrence Berkeley National Laboratory, utilizing the Berkeley Gas-filled Sep-
arator and FIONA. This technique enables the production, identification, and
study of molecular species formed by SHEs. As a proof of concept, we present
measurements on the formation and identification of 151,152HoO+ molecules,
demonstrating the capability to study the production of radioactive molecules
under controlled conditions and directly identify them via their mass-to-charge
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ratio. These measurements validate the effectiveness of this technique for low-
statistics SHE studies, highlighting the the potential of this approach to ignite
the next generation of experimental SHE chemistry research, offering a path to
reevaluate SHE placement on the Periodic Table.

1 Introduction

The study of superheavy elements (SHEs, Z > 103) represents a fascinating frontier
in experimental and theoretical chemistry [1], driven by the expectation that their
chemical behavior may diverge significantly from lighter elements due to pronounced
relativistic effects [2, 3]. These deviations raise questions about whether the traditional
arrangement of the Periodic Table remains appropriate. However, the current evidence
is insufficient to fully assess the impact of these effects or to justify a reorganiza-
tion of the table. In general, experimental studies of SHEs face significant challenges.
These elements are not naturally occurring and must be synthesized one-atom-at-a-
time through nuclear reactions. Production rates are exceptionally low, with elements
like Rf (Z = 104) produced at rates of approximately one per minute [4], and rarer
elements, such as Og (Z = 118), produced at a rate on one every ten days or less[5].
Then, if a chemical study is to be performed, it must be conducted immediately after
synthesis, typically within one second or faster, before the SHE undergoes radioactive
decay.

To date, studies of SHE molecule formation and chemical reactivity have predomi-
nantly relied on qualitative approaches. Techniques such as ion exchange, liquid-liquid
extraction, and gas chromatography have been employed to compare the behavior of
SHEs with their lighter homologues [6]. However, these methods have not enabled the
direct identification of chemical species, and are heavily reliant on assumptions about
their composition. For example, reports of Sg(CO)6 (Z = 106) [7] and HsO4 (Z = 108)
[8] production are based on inferred properties derived from comparisons with lighter
homologues. Such assumptions risk masking the unique impacts of relativistic effects
on SHE chemistry. The absence of direct molecular identification may also account for
the inconsistencies observed in gas-phase chromatography studies of flerovium (Fl, Z
= 114) [9, 10, 11]. In multiple experiments, Fl has simultaneously displayed contra-
dictory behavior. In these studies, Fl appeared to act both as a noble gas and as a
volatile metal, with two distinct deposition patterns at different temperatures on gold
surfaces. It is perhaps more conceivable that Fl forms molecular species during these
experiments, potentially explaining its dual characteristics. To advance the field of
SHE chemistry, it is imperative to accurately identify the molecular species being stud-
ied. This underscores the pressing need for innovative experimental techniques that
can directly determine the formation of SHE molecules and provide critical insights
into their unique chemical behaviors.

Presently, pursuing further gas-phase chemical studies of SHEs offers significant
advantages to extracting fundamental chemical behavior compared to condensed phase
studies, as these measurements eliminate confounding effects from aggregation, sol-
vation, or counterions from condensed phase studies [12, 13]. A substantial amount
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of gas-phase research has been conducted on main-group elements, lanthanides, and
early actinides [14, 15, 16]. For these elements, the energies of electronic configurations
have often been measured using laser spectroscopy [17], enabling a deeper understand-
ing of reaction mechanisms leading to the formation of specific molecular species. For
instance, a systematic study of lanthanide (Ln) cations reacting with N2O at room
temperature demonstrated that the formation of LnO+ only occurred when a d1s1

electronic configuration was energetically accessible [18]. The reaction rate for LnO+

formation correlated directly with the energy required to promote an electron from
the 4fn5d06s1 ground state to the 4fn−15d16s1 excited configuration. Remarkably,
this study predicted the promotion energy for Ho+ (Z = 67) with an accuracy of <
0.5 eV before it was measured by laser spectroscopy [19]. These robust and systematic
gas-phase methodologies have now established a strong foundation for the future of
SHE research. By applying these approaches, it will be possible to investigate chem-
ical reactions with well-understood mechanisms, unlocking critical insights into the
availability and energetics of electronic configurations in SHEs, potentially informing
a reevaluation of their placement on the periodic table.

Currently, a new gas-phase chemistry technique has been developed at Lawrence
Berkeley National Laboratory’s (LBNL) 88-Inch Cyclotron Facility, utilizing the
Berkeley Gas-filled Separator (BGS) [20] and For the Identification Of Nuclide A
(FIONA) [21] experimental devices. With this setup, it is possible to separate, trap,
and study the chemical properties of SHE ions produced in nuclear-fusion reactions
[22]. While ions of SHE are trapped, they can be exposed to reactive gases such
that a chemical reaction could occur, potentially producing molecular species. A huge
advantage of this technique is that once molecular species are formed, the identity
and quantity can then be directly confirmed with mass-to-charge ratio (A/q) mea-
surements. This technique could allow for the first ever direct identification of SHE
molecule formation. In looking towards that goal, this article reports on the study of
radioactive Ho isotopes, produced one atom-at-a-time and then exposed to O2, such
that HoO+ molecules could be formed and directly identified with A/q measurements.
Different combinations of reaction times and gas flow rates were used to demonstrate
that reaction rates for the formation of molecular species could be measured and to
validate this technique for low-statistics measurements of SHEs.

2 Experimental Details

The LBNL 88-Inch Cyclotron Facility has an established Heavy Element program that
continues to drive the field forward with new experimental techniques and discoveries
[21, 24]. Presently, experiments are performed with the BGS and FIONA devices
(schematic is shown in Figure 1). For these studies, 151,152Ho isotopes were produced
in the nuclear fusion evaporation reaction 40Ar + natIn. The 40Ar8+ ion beam was
produced by the Advanced Electron Cyclotron Resonance Ion Source (AECR) [25] and
accelerated to a lab-frame energy of 160 MeV by the 88-inch cyclotron. The beam then
impinged onto a circular (5” diameter) indium target wheel, which rotated at ∼30 Hz.
The target was composed of 4 segments of 2 µm self-supporting 99.8% natural indium
foils. To monitor the integrated beam on target rate, two silicon pin diode detectors
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Fig. 1: A schematic of the Berkeley Gas Filled Separator and FIONA experimental
set-up. (1) The target position. (2) The three magnets of the BGS; Q1 is a quadrupole,
while M1 and M2 are dipoles, used for separating the ions of interest from contam-
inants. (3) BGS focal plane detector box. (4) Gas catcher, used to thermalize and
focus the ions. (5) RFQ trap, used for chemistry experiments. (6) Shielding wall, sep-
arating the high- and low-background regions. (7) Trochoidal spectrometer, used for
mass identification. (8) Decay station detector box. Adapted from Ref. [23]. Copyright
[2021] American Chemical Society.

are positioned downstream of the target wheel at angles of ±27.2◦ relative to the beam
axis. The observed intensity of scattered beam particles from the target, subsequently
referred to as the Rutherford rate, was used to normalize the data to account for any
fluctuations in beam current and target thickness that might have occurred between
measurements.

Immediately following their production in the nuclear reaction, the Ho isotopes
were in a wide range of charge states as they entered the BGS. The BGS was filled
with ∼0.5 torr ultrapure He gas, enabling charge exchange to occur to reduce the Ho
ions into a more normalized charge state (+5, +6), within the first few mm of their
trajectory. In traversing the BGS, the Ho isotopes were then separated from unre-
acted beam and reaction byproducts based on their magnetic rigidity prior to entering
FIONA for chemical studies. FIONA allows for the experimental determination of A/q.
A detailed description of FIONA is given in Ref. [21]. In short, FIONA is composed
of four major components: a gas catcher, a radiofrequency quadrupole (RFQ) trap, a
trochoidal spectrometer and a terminal detector station. The gas catcher, containing
∼150 torr of ultrapure He gas, serves to cool the incoming ions as they undergo fur-
ther charge exchange and reduction of charge state. Here, 151,152Ho isotopes assumed
a 1+ charge state. After exiting the gas catcher, the ions entered a RF quadrupole
(RFQ) cooler-buncher ion trap, maintained at a pressure of ∼10−3 torr, with three
stages of differential pumping to remove the helium gas exiting the gas catcher from
the region. Here, the ions were further cooled to near thermal energies, by collisions
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with a dilute amount of He gas, and confined in a ∼ 1 mm3 three-dimensional space,
through the use of an axial DC potential well and a confining RF field.

The containment of ions within the RFQ trap can be considered analogous to
holding them in a beaker, enabling potential chemical studies. Previous work has
demonstrated that controlled chemical reactions can be conducted using FIONA, as
evidenced by the reduction of Lr2+ ions upon exposure to O2 gas within the RFQ
trap [23]. Similarly, in this study, Ho+ ions were confined within the RFQ trap while
O2 reactive gas was introduced, facilitating the formation of HoO+.

151,152Ho+ +O2 −−→ 151,152HoO+ +O∗ (1)

This chemical reaction, shown in Eqn. 1, was studied with different combinations of
trapping time and O2 flow rate to determine the reaction rate of formation. Note that
the reaction time here is the amount of time the trap is ‘open’ for incoming ions to
enter and be exposed to the reactive gas, so it is in actuality the maximum exposure
time possible. The selected trapping times were 50 and 100 ms, and flow rates of
5×10−5, 1×10−4 and 5×10−4 mbarL/s were used. Relative pressures of O2 gas were
monitored with the use of a Residual Gas Analyzer (RGA).

At the end of each trapping cycle, the RFQ trap potentially contains leftover reac-
tant ions and a distribution of different reactant products. Upon ejection, this broad
distribution of species were then re-accelerated to low energies (∼4 keV) into a low-
background area where A/q separation occurs and final detection is performed. Here,
A/q separation, was achieved with the use of a trochoidal spectrometer that containing
crossed electric and magnetic fields [26]. The trajectories traced by ions (or molecular
ions) in this field combination is velocity dependent, meaning that species of different
A/q take slightly different paths through the spectrometer and mass separation can
be achieved. The mass-separated species are then sent to a Double-sided Silicon Strip
Detector (DSSD) at the decay station, where the position of detection of the observed
signature-α decay of the species is then correlated to its A/q. To calibrate A/q sensi-
tivity to detection position, ions of a known mass were first sent through and detected
in a specific position with FIONA. These nuclides are identified based on their alpha
decay properties. Then FIONA can be tuned to a new mass, such that the new mass
takes the same trajectory through FIONA, terminating in the same detection position
as the calibrated mass. In these measurements, the bare 151,152Ho+ ions served as the
calibration ions. The A/q calibration procedure is discussed in detail in Ref. [26].

The decay station detector was composed of 32 strips in the x -direction and 32
strips in the y-direction with an active area of of 65.17 x 65.14 mm, such that each
strip has a pitch of of ∼2 mm. This detector, with an α-particle detection efficiency of
∼50% is calibrated with a triple-α source (239Pu, 241Am, 244Cm). In these experiments,
the data acquisition was triggered by a charged particle event with an energy above
∼1 MeV. In order to obtain information on only the ions of interest, energy conditions
were applied to the data, selecting only events associated with the α-decay of 151,152Ho,
given in Table 1.

Given the mass-resolution and size of the decay station detector, only ∼6
neighboring masses can be observed for a given measurement. Therefore, separate
measurements were performed to investigate the quantities of Ho+ bare ion and HoO+
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Table 1: Decay properties of pertinent holmium
isotopes. Data from NNDC [27].

Isotope Half-life (s) α energy (MeV) BR (%)
151Ho 35.2(1) 4.522(22) 22(3)

151mHo 47.2(13) 4.610(22) 80(15)
152Ho 161.8(3) 4.386(3) 12(3)

152mHo 50.0(4) 4.454(3) 10.8 (17)

molecular species for the different reaction conditions. In an effort to understand the
different parameters and their effect on molecule formation, data were collected for
1 hr periods at different combinations of trapping time and gas flow rate. A 10 min
decay period was observed prior to data collection, to ensure that any longer lived
activity was fully decayed from the detector. Additionally, baseline measurements were
performed, with no reactive gas flowing into the system, to look for any possible con-
taminants of similar mass already present in the system. For the observation of bare
ion species, the spectrometer was tuned to center the A/q = 151/1, and for oxide
species the spectrometer was tuned to A/q = 167/1. These measurements allow for the
detection position, mass resolution, and mass dispersion of the molecular species to be
determined in varying reaction conditions. Understanding any potential systematics
in these values is critical for future low-statistics studies of SHE molecule formation.

3 Results

3.1 Baseline Measurements

Prior to adding O2 gas to the system, baseline measurements were performed at the
decay station to determine the quantities of Ho+ bare ions available to react and
whether or not any HoO+ species were already present from reactions of Ho+ with
background contaminants, such as H2O. The production of 151Ho+ and 152Ho+ was
confirmed with A/q measurements at the decay station, where the detection position
of the associated α decays of each isotope was performed. The decay properties of these
isotopes are given in Table 1. An example decay station spectrum showing detection
of the 151Ho+ and 152Ho+ ions is given in Figure 2(left).

In the baseline measurements performed looking for potential HoO+ species, there
was a clear presence of four species with A/q = 167/1, 168/1, 169/1 and 170/1,
shown in Figure 2(right). It is assumed that all of these species were produced with
chemical reactions of Ho+ with trace H2O contamination within the system, which
can form either Ho(OH2)

+, HoOH+, or HoO+ species. Here, the A/q = 167/1 species
is assigned as 151HoO+, the A/q = 168/1 species are likely a combination of 152HoO+

and 151HoOH+, the A/q = 169/1 species are likely a combination of 152HoOH+ and
151Ho(H2O)+, and the A/q = 170/1 species is assigned as 152Ho(H2O)+.

The H2O pressure in the trap was observed to be consistent over time when com-
paring the RGA data for the “with gas” to the “no gas” baseline measurements.
Therefore, the presence of the species within the oxide baseline measurements was
treated as a background that could be corrected for. Baseline measurements were per-
formed with the use of both the 50 and 100 ms trapping times. These background
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Fig. 2: Baseline measurements taken at the FIONA focal plane in the mass regimes of
the 151,152Ho bare ion (left) and oxide (right) species prior to O2 gas being introduced.
Here, the x-axis is the detection position scaled by the mass-dispersion to show the
corresponding A/q being detected.

data were then subtracted from data taken with gas flowing, each normalized to the
corresponding Rutherford rate to account for any inconsistencies in the production of
Ho+ ions between measurements. A sample result of this process, for data taken uti-
lizing a 50 ms trapping time, is shown in Figure 3. After the subtraction, only peaks
corresponding to the production of 151HoO+ and 152HoO+ molecules are present. The
success of this background-subtraction method allowed for the data to then be further
analyzed to investigate the kinetics of the HoO+ formation from controlled exposure
of Ho+ to O2.

3.2 Production of HoO+

To produce the molecular species HoO+, the Ho+ ions were exposed to O2 gas while
contained within the RFQ trap. This chemical reaction was studied at three flow rates
of O2 gas, 5×10−5, 1×10−4 and 5×10−4 mbarL/s. These flow rates are set with the use
of a mass-flow controller. Additionally, each flow rate was examined at two trapping
times, 50 and 100 ms. For each trapping time and flow rate combination, two decay
station measurements were performed, one to observe the numbers of produced HoO+

molecules and another to observe the remaining numbers of unreacted Ho+ ions. The
spectra of HoO+ species detected were background subtracted to exclude molecules
formed with the background H2O contamination, as was discussed in the previous
section.

The experimental data for the numbers of observed Ho+ and HoO+ ions taken at
the different flow rates and trapping times of 50 and 100 ms are shown in Figures 4
and 5, respectively. In these figures, the numbers of bare Ho+ ions observed at each
of the three gas flow rates are shown in the top three histograms and the background
corrected HoO+ spectra are presented in the bottom three histograms. These data
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Fig. 3: The background subtraction technique and its results.(left) Comparison
between data collected with no oxygen gas in the system, the “baseline” data (dashed
line) and data collected with 1×10−5 mbarL/s of oxygen flowing into the trap, the
“gas” data (solid line). (right) Data resulting from the subtraction of the baseline from
the gas data shown on the left, attributed solely to the presence of reactions between
holmium ions and oxygen gas. Here, the x-axis is the detection position scaled by the
mass-dispersion to show the corresponding A/q being detected.

were fit with Gaussian distributions to determine the peak areas, the Full-Width at
Half-Maximum (FWHM) and the position of the peaks. It is evident that as more O2

is flowing through the trap, the observed amounts of 151,152Ho+ bare ions decrease
while the observed amounts of the associated oxide species increase, indicating that
the chemical reaction did proceed.

3.3 Determination of Rate Constants

The chemical reaction studied here was previously investigated with stable Ho species
[18]. There, it was determined the reaction proceeded via pseudo-first order kinetics
with a reaction rate constant of k = 2.4(7) x 10−10 cm3 molecule−1 s−1. Here, differ-
ent combinations of trapping times (ttrap) and gas flow rates ([O2]flow) were use to
observe the production rate of HoO+ formation in varied O2 exposure within FIONA.
The relative number of interactions between Ho+ ions and O2 molecules within the
RFQ trap can be given as ttrap[O2]flow. However, it is possible to determine the true
concentration of O2 with the use of a calibration factor f , where [O2]true = f [O2]flow.
Here, [O2]flow is treated as a unit-less representation of the relative amount of O2

within the trapping volume and f has pressure units of molecules/cm3.

8



149 150 151 152 153 154

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Co
un

ts
/R

ut
h

151Ho +

152Ho +

50 ms
O2 Flow Rate = 1e-5 mbarL/s 

Data
Fit

149 150 151 152 153 154

151Ho +

152Ho +

O2 Flow Rate = 5e-5 mbarL/s 
Data
Fit

149 150 151 152 153 154

151Ho +

152Ho +

O2 Flow Rate = 1e-4 mbarL/s 
Data
Fit

165 166 167 168 169 170 171

0.000

0.005

0.010

0.015

0.020

0.025

Co
un

ts
/R

ut
h

151HoO +

152HoO +

BG Corrected Data
Fit

165 166 167 168 169 170 171

151HoO +

152HoO +

BG Corrected Data
Fit

165 166 167 168 169 170 171

151HoO +

152HoO +

BG Corrected Data
Fit

Mass (amu)

Fig. 4: Data collected for the 50 ms trapping time, depicted as counts per Rutherford
event as a function of x-strip number. (Top) The fitted data collected for a mass-to-
charge ratio of A/q = 151/1, showing the presence of 151,152Ho+. (Bottom) The fitted
data collected for a mass-to-charge ratio of A/q = 167/1, showing the presence of
various species associated with the holmium oxide and holmium hydroxide masses.

The pseudo-first order kinetics for the consumption of 151,152Ho+ and the
production of 151,152HoO+, respectively can be described with Eqs. 2 and 3.

Nr(t) =
Rr

kf [O2]flow
(1− e−kf [O2]flowttrap) (2)

Np(t) = Rrttrap +Rpttrap − Rr

kf [O2]flow
(1− e−kf [O2]flowttrap) (3)

Here, Nr(t) and Np(t) are the number of ions of reactant (151,152Ho+) and product
(151,152HoO+) ions contained within the RFQ trap at a time t, respectively. Rr and Rp

are the rates of reactant and product ions entering the trap every second, respectively.
The reaction rate constant is given as k with units of cm3 molecule−1 s−1 and f is the
previously described calibration factor. The combined kinetic behavior of Nr(t) and
Np(t) can be described with Eq. (4).

Np

Nr +Np
= 1− Nr

Nr +Np
= 1− Rr

Rr +Rp

1

kf [O2]flowttrap
(1− e−kf [O2]flowttrap) (4)

Here, the ratios
Np

Nr+Np
and Nr

Nr+Np
are bound between 0 and 1.

Reaction rate curves were constructed from the experimental data by plotting the
fraction to the total for both the bare ions remaining and the oxides species formed
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Fig. 5: Data collected for the 100 ms trapping time, depicted as counts per Rutherford
event as a function of x-strip number. (Top) The fitted data collected for a mass-to-
charge ratio of A/q = 151/1, showing the presence of 151,152Ho+. (Bottom) The fitted
data collected for a mass-to-charge ratio of A/q = 167/1, showing the presence of
various species associated with the holmium oxide masses.

at given experimental conditions, as a function of ttrap[O2]flow. The rate curves were
prepared separately for both the 151Ho and 152Ho species, and are shown in Figure
6. These were fit with a least-squares method according to Eqn. 4 to extract kf , the
product of the reaction rate k and the calibration factor f . As is shown in Fig. 6, kf was
found to be 1.1(2)×10−5 s−1 and 1.1(3)×10−5 s−1 for the production of 151HoO+ and
151HoO+, respectively. Given that k was previously measured to be 2.4(7)×10−10 cm3

molecule−1 s−1 [18], f could be readily determined and was found to be 4.6(15)×1014

molecules/cm3 and 4.6(19)×1014 molecules/cm3, for 151Ho+ and 152Ho+, respectively.
In the future, if it were desirable to measure the reaction rate for the formation of a

SHE oxide from interactions of SHE ions with O2, it would be necessary to also measure
the “relative” reaction rate constant kf with FIONA for an element that has already
been studied to react with O2, such as Ho. As was shown here, the calibration factor f
can be extracted by normalizing the observed reaction rate constant of the calibration
element to the literature value. Then, f can be used to normalize the observed relative
SHE reaction rate constant, determining k from kf . Note that this calibration factor
is used solely to determine the effective pressure of the FIONA RFQ trap and does not
assume any chemical similarities between the lighter homologue and the studied SHE.
The procedure was carried out previously with FIONA to determine the reaction rate
for the reduction of Lr2+ ions when exposed to O2, where the measured reaction rate
for the 151Ho+ + O2 chemical reaction was observed to normalize and determine f
[23].
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Fig. 6: Fits to the decrease of bare ion species and increase of oxides species as there
is more opportunity for reactions with O2 gas. The ratio of each of the species to the
total is plotted as function of ttrap[O2]flow, where [O2]flow is treated as a unit-less
representation of the relative amount of O2 within the trapping volume. For 151Ho+

and 151HoO+ species (left), the kf factor was fit to be 1.1(2)×10−5 for both. For
the 152Ho+ and 152HoO+ species (right), kf factor was fit to be 1.1(2)×10−5 and
1.1(3)×10−5, respectively.

3.4 FIONA Performance and Stability for Molecular Species
Measurements

In looking towards low-satistics studies of SHE molecule formation, it is important
that the detection positions and widths (FWHM) of A/q distributions be predictable.
This enables low numbers of events to accurately be assigned an A/q value. Gener-
ally, FIONA measurements require initial optimizations to fine-tune the transmission,
optics, mass resolution of the detected A/q distributions, and the mass dispersion
(i.e., the shift in detection positions between adjacent A/q distributions per per-
centage difference in A/q). These optimizations are carried out using species with
well-characterized masses that can be produced at high rates [26]. Once optimized,
the FIONA settings can be extrapolated to study other A/q distributions of interest.
The procedure involves scaling FIONA’s electrostatic elements so that ions of the tar-
get A/q species follow the same trajectory as the calibration A/q species, ultimately
reaching the same detection position. Details of this scaling procedure are provided in
Ref. [21]. Knowing the mass dispersion then allows for the determination of A/q val-
ues for any neighboring distributions detected on either side of the calibrated position.
In looking to perform low-statistics measurements of molecular species, it is necessary
to confirm that this optimization procedure remains valid for different experimental
conditions. To that end, this study collected high-statistics data to compare the detec-
tion positions, mass resolutions, and mass dispersions of Ho+ and HoO+ species in
different experimental conditions.

In this experiment, FIONA was initially optimized for the detection of the 151Ho+

and 152Ho+ ions. Then, FIONA was scaled from A/q = 151/1 to A/q = 167/1
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Fig. 7: The detection position and width (FWHM) of 151HoO+ species compared to
that of the 151Ho+ species for different experimental conditions. (a-b) The detection
position of 151HoO+ species compared to the calibration position of 151Ho+ species
for trapping times of 50 ms and 100 ms, respectively. (c-d) The FWHM of the A/q =
167/1 151HoO+ distribution compared to the A/q = 151/1 151Ho+ species for trapping
times of 50 ms and 100 ms, respectively.

such that the 151HoO+ molecular species would be detected in the same position as
the 151Ho+ ions. The detection positions and mass resolutions (FWHM) of detected
151Ho+ and 151HoO+ species are shown in Figure 7 and for all combinations of exper-
imental conditions (i.e. trapping times and gas flow rates). A Monte Carlo simulation
was used to determine a systematic error for the detection positions and FWHM con-
sidering the statisitics and peak shapes observed here distributed across integer bins
representative of the detector strips. The determined error for the detection position
was 0.1 strips and for the FWHM was 0.2 strips. As shown in Figure 7(a-b) the A/q
= 167/1 151HoO+ molecular species were consistently detected in the same position
as the A/q = 151/1 151Ho+ bare ion species for all experimental conditions. Addition-
ally, as can be seen in Figure 7(c-d), the observed FWHM for both species were also
observed to be consistent for the differing gas flow rates for each trapping time. Note
that the difference in FWHM in comparing the 50 ms and 100 ms measurements was
due to a retune of FIONA between measurements. These measurements show that the
expected detection position and mass resolution of molecular species are consistent
with and can be predicted from those of bare ion species.

For a given FIONA tune, the mass dispersion is established during the initial opti-
mization measurements. Here, the observed mass dispersion between the detection
distributions of bare ions 151Ho+ and 152Ho+ was measured and compared to that
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Fig. 8: The observed mass dispersion of molecular species as compared to the bare
ion species at trapping times of 50 ms (a) and 100 ms (b), respectively.

of the molecular species 151HoO+ and 152HoO+ under various experimental condi-
tions. As shown in Figure 8, the mass dispersion was consistent for both bare ions
and molecular species, at approximately 8 strips per %∆A/q, across all conditions.
This consistency in mass dispersion for molecular species enables the determination
of A/q for any observed species. These results demonstrate that the expected detec-
tion position, mass resolution, and mass dispersion are preserved whether bare ions or
molecular species are being transported and detected. The predictability of A/q posi-
tions and widths, established by a high-statistics optimization, confirms that FIONA
is well-suited for future low-statistics SHE experiments.

4 An outlook for the future of SHE chemistry

It has been demonstrated here that it is possible to produce and identify molecules
for elements produced one-atom-at-a-time in nuclear reactions. The stability and con-
sistency of measurements observed here for the formation of HoO+ molecular species
give confidence that this technique can be used for studies of SHE. It is anticipated
that the dramatic impact of relativistic effects on the chemical properties of SHE will
cause them to exhibit behaviors different than their lighter homologues. This means
that their current placement on the periodic table of elements is likely not indicative
of their chemical properties. To date the measurements performed on SHE from ion
exchange, liquid-liquid extraction, and gas chromatography have laid an important
groundwork in exploring their chemical properties. However, for continued progress,
we need more advanced experimental techniques, such as what is presented here. The
ability to directly identify and quantify SHE molecules formed in a chemical reactions
opens the door for exciting future research in SHE chemistry.

The next generation of SHE research presents an opportunity to reevaluate how
SHEs are positioned on the periodic table. An element’s placement on the table pro-
vides a framework for understanding its chemical behavior, but it’s understood that
this placement can’t capture every nuance of its reactivity. Given the challenges of
experimentally studying SHEs, it’s currently not possible to fully characterize their
chemical properties. Therefore, it’s crucial to carefully decide which properties are
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most relevant for determining their placement. Most chemists today would likely argue
that a modern periodic table should be organized by electronic structure, a concept
that wasn’t available to Mendeleev when he created his table. However, the predicted
changes in electronic orbitals for SHEs and beyond complicate this approach. Some
theorists have proposed rearranging some elements out of proton number order [28] or
even using a three-dimensional periodic table to address this issue [29]. However, even
if it is not obvious how rearrangements could be made to reflect the deviating chemical
properties of SHE and beyond, discussions of rearrangement are ongoing. For exam-
ple, the recent experimental confirmation that Lr (Z = 103) has a 7p1 as opposed to a
6d1 electronic configuration [30] has sparked renewed debate over the composition of
Group 3 [31]. Moving forward, as new experimental data on these elements becomes
available, these discussions should continue.

Direct observations of SHE molecule formation can offer two key insights on their
electronic structure that can inform their appropriate placement. First, these studies
can identify preferred oxidation states by determining how many ligands each element
tends to bind. Confirming the preferred oxidation states of SHEs directly reflects
their the underlying electronic structures and reactivity patterns. Experiments can be
performed with FIONA, where SHE ions are reacted with fluorinating gases to produce
fluoride molecular ions. Previous gas-phase studies of transition metals and lanthanides
at room temperature have observed distributions of fluoride ions that correspond to
the highest normally accessible oxidation state [32]. Furthermore, the distribution
patterns of fluoride ions observed among different metal ions have been shown to reflect
their distinct electronic configurations and sequential ionization potentials. Similar
experiments can be performed with SHEs using FIONA to gain insight into their
electronic structures.

Second, observation of molecule formation provides a means to probe the energetic
accessibility of “characteristic” valence electron configurations that are directly asso-
ciated with specific periodic table positions. Early SHEs occupy the d-block of the
periodic table, and their chemical behavior should reflect the filling and reactivity of
d orbitals. Based on their positions, the chemistry of Rf (Z = 104) is expected to cor-
respond to the reactivity of a d2 electron configuration, while Db (Z = 105) should
correspond to that of a d3 configuration. Given the production rates of Rf [4] and Db
[33], we would expect to see ∼60 and ∼8 events per hour with FIONA, respectively,
assuming a beam intensity of 1 pµA. These rates are three and four orders of magni-
tudes less than the production of 151,152Ho in this study. SHE measurements would
need to be performed for multiple hours with FIONA for identification of molecular
species. However, these measurements are feasible given the results presented here.
Previous gas-phase chemistry experiments have established mechanisms for chemical
reactions that can identify the accessibility of d1, d2, and d3 electron configurations
based on the observed production of specific molecular species [34]. Determination of
reaction constants for the formation of these molecules could yield even more precise
information on the energies of these characteristic ground states as was done previ-
ously for Ho [18]. A re-investigation of SHE periodic table placement could begin by
targeting these chemical reactions and examining whether specific molecular species
are formed.
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5 Conclusions

To date, no molecular species of SHEs have been directly identified, highlighting the
need for innovative experimental techniques to advance the field. A novel gas-phase
chemistry technique developed at LBNL has opened the door to the next generation
of SHE research. In this study, it was demonstrated that the technique presented
successfully produced HoO+ molecules from reactions of Ho+, created one-atom-at-
a-time in nuclear reactions, with controlled exposure to O2 gas. Measurements at
varying trapping times and gas flow rates determined the reaction rate and assessed the
stability of molecule identifications using FIONA, based on comparisons of positions
and widths of A/q distributions. These results establish that this approach is well-
suited for low-statistics studies of SHEs, demonstrating the power and functionality
of the BGS and FIONA system for advancing SHE chemistry.

The ability to directly observe molecular species can provide key insights into the
oxidation states and electronic configurations of SHEs, critical for refining our under-
standing of their fundamental chemistry. This knowledge could prompt a reevaluation
of the placement of SHEs on the periodic table by offering a more detailed picture of
their chemical behavior. FIONA’s unique capabilities will be instrumental in advancing
the study of chemistry at the boundaries of the periodic table.
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