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Gas-phase thorium molecules from laser ablation
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Laser ablation is performed on an oxidized, roughly 35-year-old 232Th foil. The produced anionic and cationic
molecules are investigated utilizing precision mass measurements by a multireflection time-of-flight mass
spectrometer. Molecules with up to three thorium atoms are identified. This includes oxides ThnO+

x containing
up to 2n − 1 oxygen atoms and further species incorporating carbon or nitrogen. In addition, signals of U+, UO+,
and the compound species ThUO+

2 are found. Photoexcitation reveals selected molecules’ dissociation patterns.
The experimental findings are compared to density functional theory calculations.
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I. INTRODUCTION

Radioactive molecular beams have recently gained pop-
ularity due to their interdisciplinary positioning between
atomic, molecular, and nuclear physics [1–4]. Molecules
containing heavy, radioactive isotopes, such as those of the
actinides, offer unique research opportunities, e.g., for the
ongoing search of strong charge conjugation (C) and parity
(P) violation [5–8] or the electronic dipole moment of the
electron [9]. Molecular formation in hot-cavity targets and
radio-frequency quadrupole cooler bunchers is of interest at
radioactive ion beam (RIB) facilities [10–12].

The primordial nuclide 232Th, which undergoes α decay
with a half-life of 1.4×1010 years, is one of the few actinide
species readily available in macroscopic quantities without
the need for RIB facilities. It stands to reason that the gas-
phase chemistry of thorium (as well as uranium) is subject to
frequent investigation [13–17], not least because it requires
significantly less radiation protection efforts than the more
highly radioactive elements of the actinide series [18]. Interest
also stems from the continuous quest for a nuclear clock that
could be realized through the low-energy isomeric state of the
229Th isotope [19–22]. Molecules containing this isotope are
predicted to be ideal laboratories to test CP-violation theories
and to search for axions [23]. However, high-resolution mass
spectrometry studies on larger thorium molecules are scarce,
as are those involving gas-phase anions.
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Here, anionic and cationic thorium-based molecules are
produced by laser ablation of a thorium target at an offline
setup. The target is a 89-µm-thick foil that has been produced
in the United States before it came to CERN in Geneva,
Switzerland, in 1987. Part of it was sent to the University
of Mainz, Germany, a year later. It oxidized due to aging.
A strip of roughly 10×20 mm has now been investigated at
the University of Greifswald. Due to the oxidization of the
foil as well as the presence of other contaminants, a number
of molecular species are identified by precision mass mea-
surements using a multireflection time-of-flight (MR-ToF)
mass spectrometer. In addition, photoexcitation is performed
to determine fragmentation pathways of selected molecules
with sufficient production yields. The findings are compared
with results obtained from density functional theory (DFT)
calculations.

II. EXPERIMENTAL SETUP AND PROCEDURE

A. Overview

The setup (Fig. 1) consists of a multireflection time-of-
flight analyzer accepting ions from either a laser-ablation
or magnetron sputter source. Only the former is employed
in this study. Ablation is facilitated by nanosecond pulses
from a Litron TRLi DPSS 170-100 operated at 532 nm and
10 Hz repetition rate. The diameter of the laser spot on the
target is roughly 2 mm. For the present measurements, the
pulse energy is varied between approximately 0.5 and 2 mJ
depending on desired production rates. The ablation target,
a 10 mm × 20 mm × 89 µm piece of thorium foil (Fig. 2),
is fixed to a holder with silver-based, vacuum-grade adhesive
(Acheson 1415). The black color of the foil stems from heavy
oxidation, owing to its age of roughly 35 years. By moving
the holder via a linear-motion feedthrough, different ares of
the foil can be irradiated without breaking the vacuum. The
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FIG. 1. Experimental setup [24] of which only the right-hand side is used in this study. The distance between components is not to scale
and ion-optical components are omitted for clarity.

holder is biased to +2 kV or −2 kV to accelerate cations or
anions, respectively, which are guided to the MR-ToF ana-
lyzer and subsequent channeltron detector (DeTech 402AH).
Its conversion dynode allows detection of both ion polarities.
In addition, the detector thus clears the optical axis and allows
access for a photoexcitation laser.

Since the ions’ kinetic energy is higher than all MR-ToF
potentials, they traverse the analyzer and reach the down-
stream detector in order of ascending mass-to-charge ratio
if no further measures are taken. The mass resolving power
R = t/(2�t ) of the resulting “single-path” spectrum, akin to
a linear ToF mass spectrometer, is on the order of 100, where t
is the ions’ flight time and �t their temporal width (full width
at half-maximum) governed by, e.g., their kinetic-energy dis-
tribution.

For high-resolution, precision mass measurements, ions
are captured between the opposing electrostatic mirror poten-
tials of the analyzer by reducing their total energy with an

FIG. 2. Photograph of the target holder with the oxidized thorium
foil. The plate is attached to a linear-motion feedthrough to allow
vertical movement with respect to the ablation-laser beam.

“in-trap” potential lift [25]. The ions’ flight time is greatly
increased while �t remains small due to the compensating
nature of the reflecting potentials: Faster, higher-energy ions
penetrate deeper into the mirror potential, incurring longer
flight paths. The mass resolving power consequently rises to
the order of 105 [26].

B. MR-ToF mass measurements

The switching of the in-trap lift is synchronized to the
ablation laser pulse with a delay accounting for an ion species
of interest’s flight from the target to the center of the analyzer.
Simultaneously captured contaminants, i.e., ions of unwanted
mass-to-charge values that would lap the ions of interest, are
removed by switching in-trap deflector electrodes during the
storage time [27]. Ions are released by reapplying the lift
potential and thus reraising their energy or by lowering the
exit-side mirror potential [28].

With increasing revolution number N , a species’ revolution
period T can be determined with greater accuracy, increasing
the accuracy of its mass m calculated from a known reference
via

m = mref

(
T

Tref

)2

. (1)

Precision MR-ToF mass measurements are known to reach
uncertainties down to the 10−8 level [29–31] and are ideally
performed with isobaric references measured simultaneously
to the ions of interest to minimize the influence of systematic
shifts. This is, however, not a strict requirement, as Eq. (1)
is viable for any pair of periods. To determine a period, a
species’ flight time needs to be measured for at least two
different revolution numbers.

A typical measurement in this study is performed by
recording the flight times of a species of interest for different
revolution numbers between N = 100 and 1000 [Fig. 3(a)].
Since the exact capture delays and storage times are known
it is sufficient to start the ToF recording with the ejection
from the analyzer and measure the remaining flight time to the
detector. To set the storage time matching a given revolution
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FIG. 3. (a) ToF spectra of Th2O+
3 after different revolution numbers in the MR-ToF analyzer. Flight times are recorded with respect to the

ejection from the MR-ToF analyzer. Gaussian fits to the data are shown in red. (b) Mean flight times from the Gaussian fits as a function of
revolution number. The dashed and solid red lines represent the initial guess for the species’ period and the value resulting from a linear fit to
the mean flight times, respectively. (c) Mass resolving power as a function of revolution number.

number, an initial period guess T̃ is required. This can either
be calculated from a known reference or be roughly deter-
mined by hand. A difference between T̃ and the true period
T leads to the recorded signals shifting in the spectra. Fitting
each ToF signal with a Gaussian and the resulting mean flight
times with a linear function with respect to N [Fig. 3(b)] yields
an accurate estimate for T : If �T̃ is the slope of the linear fit,
i.e., the shift of the ToF signals against the assumed T̃ per
revolution, the actual period is

T = T̃ + �T̃ . (2)

Since T̃ is an exact value, the accuracy of T is governed by
how precisely �T̃ is measured. While this only strictly re-
quires a single small and large revolution number, the present
approach of recording at multiple N values also serves to
probe the selected mass number for isobaric species. Different
isobaric molecules typically resolve into distinct ToF signals
over the course of 1000 revolutions. Spectra at fewer N values
are recorded in some cases with small production rates. The
mass resolving power, shown in Fig. 3(c) for the example of
Th2O+

3 , rises to R = 1.3(1)×105 for N = 1000.

C. Photoexcitation

Ions can be irradiated by a secondary laser (Continuum
Minilite II, 532 nm, 6 ns) while isolated and stored in the
MR-ToF analyzer to probe them for photodissociation and,
in the case of anions, electron detachment. This technique
of in-trap photoexcitation has been previously utilized at the
present setup to study cluster fragmentation [32,33]. Briefly,
the species of interest is stored in the analyzer for, in the
present case, 400 revolutions while all other ions are removed
by the in-trap deflectors. The excitation laser pulse is timed
to irradiate the ions at their turnaround point in the entry-side
mirror, where their kinetic energy is close to zero.

All fragmentation on timescales below roughly 1 μs leads
to the charged product species being accelerated again only
after their formation. This ensures all species retain identi-
cal total energies, which would not be the case for in-flight
fragmentation. While neutral fragments cannot be detected,
the charged products and remaining precursor ions are ejected

towards the detector. In case more resolving power is required
for product analysis, ions are retained for additional postex-
citation revolutions [34]. Electron-detachment fractions are
calculated by comparing the product spectra to references for
which the laser beam is blocked.

III. COMPUTATIONAL DETAILS

Density functional theory is employed to validate the ex-
perimental results. Spin-polarized calculations are performed
during the optimization process using atomic zero-order regu-
lar approximation (ZORA) implemented within the FHI-AIMS

code [35–37] to ensure systems converge towards the collinear
magnetic configuration (if present) for the minimum ground
state. The spin magnetic moments in the collinear case are
conventionally oriented along a compound’s z axis. An initial
value of 0.001 µB is set to initialize the systems with a small
magnetic moment. Starting with a nonzero magnetization
value, the calculation encourages the systems to converge to-
ward the multiplicity of spin associated with the ground state
and ensures systems relax to their true magnetic configuration
during the optimization.

Atomic ZORA consists of a reformulation of the kinetic
operator, which is written as

t̂at. ZORA|ϕ j〉 = p · c2

2c2 − vfree
at( j)

· p|ϕ j〉 (3)

in FHI-AIMS [35]. The potential operator v is substituted by
the onsite free atom potential vfree

at( j) at the atomic center at( j)
associated with the basis function j. Here, c is the vacuum
speed of light and p = −ih̄∇ the linear momentum operator.
This restores the missing gauge invariance of ZORA [38,39].

The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [40] is chosen. The total energy convergence
threshold is set to 10−5 eV and that for interatomic forces
to 10−4 eV/Å. For each species, different starting geometries
are systematically tested according to chemical intuition. An
analysis of the optimized geometries’ vibrational frequencies
using finite differences of analytic gradients is performed to
confirm stable structures and adjust their total energy by the
calculated zero-point energy.
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FIG. 4. Single-path spectra of cations produced from the thorium target by laser ablation. The different spectra show results for the
same irradiated spot after different timescales of laser ablation. The pulse energy is 0.6 mJ for all measurements. See Table III for mass
determinations. Unknown species are labeled with their mass numbers.

The FHI-AIMS basis set employs numeric atom-centered
orbitals to accurately represent the electronic wave functions
in all-electron density functional theory calculations. These
orbitals are localized around atoms and derived by solving the
Schrödinger equation for isolated atoms, allowing for precise
modeling of both core and valence electrons without the use of
pseudopotentials. The basis sets are structured into hierarchi-
cal “tiers,” with each tier adding more orbitals for increased
accuracy [35]. The tier 2 basis set is utilized in this study.
Polarized and diffusive orbitals are added for each element
as given in the Supplemental Material [41].

IV. RESULTS AND DISCUSSION

The production of ion species from the thorium foil is first
evaluated with single-path measurements. Later on, the MR-
ToF analyzer is employed to determine molecular species by
precision mass measurements as outlined in Sec. II B and to
record spectra with higher resolving power where needed. The
results of the mass measurements are summarized in Table III
in Appendix A.

A. Production and target-spot evolution
in the mass range up to 300 u

Single-path spectra showing the mass range up to ≈300 u
for cations and anions after different timescales of laser ab-
lation are shown in Figs. 4 and 5, respectively. This range
includes low-mass contaminants as well as molecules incor-
porating a single 232Th atom. A “cleaning” procedure during
which the spot is irradiated with high-power ablation pulses
(up to ≈6 mJ in the present case) with 10-Hz repetition rate
for a few hours is employed in an effort to remove contam-
inants as well as a possible surface layer of thorium oxide.
In all measurements, the pulse energy is chosen such that no
detector-saturation effects are observed on the highest signals
(see figure captions for pulse-energy values). Note that the
spectra are also recorded for different overall numbers of

iterations to observe low-abundance signals. Thus, absolute
production rates cannot be compared between the measure-
ments. However, the evolution of relative abundances between
signals reveals changing target conditions. Note that no ev-
idence for multiply charged species is found in this study.
While higher charge states have been reported for thorium
ions produced by laser ablation sources [42–44] such sources
operate with higher photon energies and, more crucially, sig-
nificantly smaller ablation-spot diameters. It is assumed that
the laser power density is not high enough in the present case
for multiply charged species to be produced and extracted
from the interacting plume of ablated material.

For cations (Fig. 4), expected surface contaminants like
Na+ and K+ are present in high abundance prior to the
cleaning. The amount of atomic thorium ions is negligible
compared to oxygenated and fluorinated species (note the
logarithmic scaling on the y axis). While the low-mass ions
are virtually absent after the cleaning, thorium oxide ThO+

still dominates the spectrum even after two more weeks of
continuous ablation. This implies that the oxidation of the foil
is more advanced than a surface layer that can be removed or
that the ablation cross section of the oxide is much higher than
that of Th+. The formation of ThO+ is known to be favored
in various gas-phase reactions [13–15,45]. The abundance
of fluorine-containing thorium molecules, namely, ThOF+,
ThF+

2 , and ThF+
3 , decreases over time compared to that of Th+

and ThO+ but is not removed completely.
In addition to thorium, a smaller abundance of uranium

and uranium oxide is observed. A dedicated measurement
is performed in which the mass range between thorium and
uranium is stored for seven revolutions in the MR-ToF ana-
lyzer, increasing the mass resolving power to R = 1000. The
isotopes 232Th, 235U, and 238U are thus clearly separated and
their ratios determined. The ratio between thorium and ura-
nium is 6.0(7). The amount of 235U+ with respect to 238U+
is determined as 0.67(11)%, matching the natural isotopic
abundance. Taking into account that uranium is observed at
all times with a rather constant abundance with respect to
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FIG. 5. Single-path spectra of anions produced from the thorium target by laser ablation. The different spectra show results for the same
irradiated spot after different timescales of laser ablation. The pulse energy for each measurement is chosen to not saturate the ion detector at
the largest peak: 0.5, 0.8, and 1.1 mJ.

thorium, it is suspected that the contamination most likely
results from impurities of natural uranium during synthesis
or refinement of the foil.

Since laser ablation is a convoluted process of bulk vapor-
ization, ionization, and molecular formation and breakdown in
the hot plume of material, determining the quantitative com-
position of the target from the measured spectra is nontrivial.
Thus, the measured thorium-uranium ratio is not to be taken
as the actual ratio of the elements in the target.

For anions, a large number of low-mass contaminants are
observed even after prolonged laser ablation (Fig. 5). This
includes elements not expected to naturally accumulate during
storage and handling such as fluorine, bromine, and iodine.
The presence of fluorine might indicate chemical processes
related to the refinement of thorium [46] and is also reason-
able in light of the fluorinated species found in the cationic
spectra. The ratio between thorium-containing molecules and
contaminant anions becomes more favorable after high-power
laser ablation, with thorium mostly observed as ThO− and
ThO−

2 . In contrast, no dioxide cation is observed, which is
likely explained by thorium’s d2s2 electron configuration:
While neutral thorium dioxide, i.e., thorium(IV) oxide, is very
stable and may bind an additional electron with an electron
affinity of 1.21(5) eV [47], the formation of the cation would
require thorium to adopt an unfavorable +5 oxidation state.
The formation of thorium monoxide ThO+ is expected to be
preferable as the ionization energy of the dioxide is somewhat
higher [48]. In the anionic case, however, even the trioxide
ThO−

3 is observed in small abundance, which has also been
reported previously [47].

The thorium anion Th− is only present in small abun-
dances. Note that the top spectrum of Fig. 5 suggests a large
signal at mass number A = 232 for the new target spot. How-
ever, precision mass analysis reveals this to be a set of four
species with A = 230, 231, 232, and 234 identified as tungsten
trioxide 182−184,186W 16O−

3 (see Appendices A and B). The
origin of these contaminants is unknown and they are fully
removed by the cleaning procedure. The small signal in later

spectra is confirmed to be Th−. Note that, in contrast, no
anionic uranium or uranium oxide is observed.

B. Thorium dimers and trimers

Experimental studies on gas-phase molecules containing
multiple thorium atoms are scarce [16,49,50]. The present
high-vacuum laser-ablation source typically only produces
larger molecules in small abundance due to the high temper-
atures in the plume of vaporized material. While no larger
anionic species are observed in this study, distributions of
thorium-dimer- and thorium-trimer-based molecules are pro-
duced with higher pulse energies in the case of cations (Figs. 6
and 7). Thorium oxides ThnO+

x are dominant in both cases
(red labels), with a maximum number of x = 2n − 1 oxygen
atoms attached. This matches the fact that only the monoxide
is observed for the monomer (Fig. 4). The generalized trend
might suggest that the molecules aggregate from neutral tho-
rium(IV) oxide ThO2 during laser ablation to form ThnO2n.
For the cations, at least one oxygen atom is then removed to
accommodate the positive charge, forming the most abundant
ThnO+

2n−1 configuration.
There are also a number of species carrying different com-

binations of carbon, nitrogen, and oxygen (blue labels in
Figs. 6 and 7). Although carbon and nitrogen are not expected
to accumulate in or on the target during prolonged exposure
to atmosphere, note that CN− is present in the anionic spectra
(Fig. 5) which may be supplying the atoms for molecule for-
mation. Also note that due to the large abundances of Th2O+

3
and Th3O+

5 , an additional signal matching the molecules’
configuration containing a single 18O isotope (0.2% natural
abundance) is observed. This is confirmed by the signals at
the corresponding mass values matching the expected isotopo-
logue ratio for three and five oxygen atoms, respectively.

Note that not all species’ masses are measured due to
decreasing production rates in the case of the trimer. However,
the composition can be inferred from the general structure of
the signals. Specifically, all oxides up to Th3O+

4 are paired
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FIG. 6. Mass spectrum of thorium-dimer-based cationic species. The spectrum is recorded at 10 revolutions in the MR-ToF analyzer with
1.0-mJ ablation pulse energy. Marked species are identified by precision mass measurements (see Table III). The Th2O+

3 molecule is assigned
to two signals, the heavier of which denotes the 16O2

18O composition.

with a species in which an oxygen atom is substituted by nitro-
gen or, presumably, carbon. However, the carbon-containing
molecules belonging to the largest oxides Th2O+

3 and Th3O+
5 ,

namely, Th2CO+
2 and Th3CO+

4 , are absent.
An interesting finding is the species with mass number

A = 502 identified as ThUO+
2 . It represents the counterpart of

Th2O+
2 with one thorium atom substituted by uranium. It is the

only compound oxide observed. This might be explained by
the fact that both ThO+ and UO+ are present in the single-path
spectra in some abundance (Fig. 4). The compounds might
be formed in the ablation plume similar to the suspected
mechanism producing the larger thorium oxides. It is unclear,
however, why other possible thorium-uranium compounds are
not observed.

C. Photoexcitation

Species with sufficient production rates are probed by the
photoexcitation laser as outlined in Sec. II C. The results
for fragmentation and electron detachment are summarized
in Table I. If multiple fragments are observed for a given
precursor, at least two pathways with threshold energies below

the total excitation energy must be present. After the photons
are absorbed through the molecules’ electronic system, their
energy can either lead to direct detachment or thermalize to
the vibrational degrees of freedom from where it is available
for dissociation based on statistical processes of intramolecu-
lar vibrational redistribution.

For the investigated anionic species, a trend is observed
going from atomic Th− to ThO−

3 : Only electron detachment
is found for Th− (trivially), ThO−, and ThO−

2 with the cross
sections reducing from virtually 100% to 63%. It reduces to
13% for the trioxide, which is the only species for which a
small abundance of photofragments is observed. Excitation of
the unknown anion with mass number A = 175 does not yield
any fragments or neutralization.

Neutralization is not possible for isolated gas-phase
cations. All probed monomer-based species, namely, ThO+,
UO+, ThOF+, ThF+

2 , and ThF+
3 are found to be stable against

532-nm photoexcitation. The dimer-based species, however,
show fragmentation.

The fragment spectra of the simple oxides Th2O+, Th2O+
2 ,

and Th2O+
3 are shown in Fig. 8 together with that of the

pure thorium dimer Th+
2 . Note that, even though the precursor
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FIG. 7. Mass spectrum of thorium-trimer-based cationic species. The spectrum is recorded at 20 revolutions in the MR-ToF analyzer with
1.3-mJ ablation pulse energy. The Th3O+

5 molecule is assigned to two signals, the heavier of which denotes the 16O4
18O composition. Orange

and light blue signals have not been confirmed by precision mass measurements.
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TABLE I. Relative fragmentation and electron-detachment abundances for photoexcitation of selected ion species. Excitation is performed
with 1 mJ pulse energy, 532 nm (2.33 eV), and ≈3 mm laser-beam diameter at the point of interaction.

Fragment species
Precursor Total fragmentation (%) Total detachment (%) [rel. abundance (%)]

Th− 0 99.5(4)
ThO− 0 99.7(1)
ThO−

2 0 62.7(5)
ThO−

3 1.6(1) 12.6(6) O− (48(3)), ThO−
2 (52(3))

A = 175 0 0

ThO+ 0
UO+ 0
ThOF+ 0
ThF+

2 0
ThF+

3 0
Th+

2 14(2) Th+ (100)
Th2C+ 15(1) Th+ (74(2)), ThC+ (26(2))
Th2N+ 30(1) Th+ (77(1)), ThN+ (23(1))
Th2O+ 37(2) Th+ (60(4)), ThO+ (40(4))
Th2NO+ 9(1) ThN+ (47(6)), ThO+ (53(6))
Th2O+

2 21(2) ThO+ (100)
ThUO+

2 35(2) ThO+ (17(3)), UO+ (83(3))
Th2NO+

2 0 —
Th2O+

3 17(3) ThO+ (100)

signals in the linear-ToF photoexcitation spectra are broad,
precursor selection is performed with resolving powers of
R ≈ 40 000 and species have been investigated for isobaric
contaminants with up to R ≈ 100 000 beforehand. Smaller
(charged) fragment species, e.g., atomic or molecular oxygen,
are not observed. For the Th2O+ precursor, an additional
measurement with higher postexcitation resolution [34] is also
performed to exclude the possibility of Th+

2 being produced.
The spectra of Fig. 8 show a general tendency of the stud-

ied species to form ThO+ fragments whenever possible. Next
to the trivial case of the thorium dimer, Th+ is only found as a
fragment after excitation of Th2O+. For that precursor, since
no Th+

2 or O+ is observed, every fragmenting molecule splits
into Th and ThO. Both fragments have a chance to retain the
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FIG. 8. Photofragment spectra for excitation of thorium-dimer
oxides with 532-nm and 1-mJ pulse energy.

charge with a three-to-two branching ratio. ThO+ breakoff is
also observed for Th2NO+, whereas Th2NO+

2 is found stable
against photofragmentation (see Table I). Analogously, ThN+

and ThC+ are produced from carbon- or nitrogen-containing
precursors.

The compound species ThUO+
2 resembles Th2O+

2 in that it
fragments into ThO+ and the analogous UO+. The molecule
splits with the uranium oxide being favored to retain the
charge with a five-to-one ratio. The pulse energy of the ex-
citation laser is varied between 0.1 and 1 mJ in an additional
measurement series (Fig. 9). Both fragment abundances are
well described by linear functions and their ratio is found to
be constant. This suggests they result from competing path-
ways after single-photon absorption. The currently accepted,
experimental ground-state ionization energies are 6.60 eV for
ThO [51] and 6.03 eV for UO [52]. Earlier measurements
yielded lower values in both cases [6.1(1) eV for ThO [48,53],
5.6(1) eV for UO [48]] which is attributed to excited states
from higher temperatures. For the present high-vacuum laser
ablation, such high temperatures are also expected [54]. In
any case, the difference of ≈0.6 eV between the two oxides
seems to be preserved, which qualitatively matches the present
observation of UO+ being more readily produced by photodis-
sociation.

D. Computational results

Thorium is a heavy element of the actinide series, char-
acterized by a 6d2 7s2 electronic configuration with empty f
orbitals. Its status as a heavy element necessitates considering
relativistic effects. The inclusion of thorium into different neu-
tral and charged molecules also necessitates the consideration
of magnetization. Thus, spin-polarized atomic ZORA calcula-
tions are performed as outlined in Sec. III. Spin-orbit coupling
is not considered since its effect on the present investigation
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FIG. 9. Top: Fragment abundances of ThO+ and UO+ as a func-
tion of pulse energy for 532-nm photoexcitation of ThUO+

2 . Lines are
linear fits to the data. The data are normalized to the total precursor
signal prior to excitation. No other product species are observed.
Bottom: Ratio of ThO+ to UO+ fragments with weighted mean and
standard deviation.

of geometrical configurations was assumed to be negligible.
Such effects would need to be taken into account, however, if
the molecules’ optical properties were to be studied.

The ground-state geometries of all photoexcitation precur-
sors are shown in Fig. 10. The energy and coordinate data
for the ground states as well as higher-energy isomers are
available in the Supplemental Material [41].

The structures of the thorium-monomer species (top row of
Fig. 10) are mostly simple. In contrast, more variation is possi-
ble for the dimer-based molecules. Notably, next to the trivial
case of Th+

2 , the triangular Th2C+, Th2N+, and Th2O+ iso-
mers could be stabilized by the presence of a thorium-thorium
bond. Actinide-actinide bonds are expected to be weak

FIG. 10. Ground-state structures for investigated thorium
molecules. The geometries are found using spin-polarized atomic
ZORA as outlined in Sec. III. The corresponding coordinates as
well as higher-energy isomeric configurations are available in the
Supplemental Material [41].

TABLE II. Dissociation energies D for experimentally observed
fragmentation pathways of small thorium-based molecules. All data
result from DFT calculations. Relative energies of additional isomers
are given in the Supplemental Material [41].

Species D (eV)

ThO−
3 4.61 (O− + ThO2), 7.18 (ThO−

2 + O)
Th+

2 4.96 (Th+ + Th)
Th2C+ 7.68 (ThC+ + Th), 7.71 (Th+ + ThC)
Th2N+ 5.64 (Th+ + ThN), 6.10 (ThN+ + Th)
Th2O+ 3.88 (Th+ + ThO), 4.38 (ThO+ + Th)
Th2NO+ 6.06 (ThN+ + ThO), 6.10 (ThO+ + ThN)
Th2O+

2 4.10 (ThO+ + ThO)
ThUO+

2 4.37 (UO+ + ThO), 4.64 (ThO+ + UO)
Th2O+

3 4.87 (ThO+ + ThO2)

[55,56]. Experimental observations are limited to a few select
cases such as simple uranium and thorium dimers [49,57],
crystalline clusters [58], and fullerene-encased U2 [59].

In the present case, the triangular structures are thus inves-
tigated using the theory of “atoms in molecules” (AIM) [60]
developed by Bader using the CRITIC2 code [61,62]. It pro-
vides a quantum mechanical framework to describe chemical
bonding in molecules based on the topology of the elec-
tron density distribution. Within this theory, the fundamental
concept of a “bond critical point” (BCP) describes a local
minimum of the electron density at a point in space along
the bond path between two nuclei. The presence of a BCP
between two atoms is indicative of a bond between them and
the properties of the electron density at the BCP can provide
insights into the nature of the bond [63–66].

The AIM analysis reveals different characteristics for the
probed systems. A Th-Th BCP is found only for Th2O+ with
an electron density of 0.48 e/a3

0, which is on the same order of
magnitude as the Th-O BCPs with 0.92 e/a3

0. This suggests a
significant interaction between the thorium atoms. For Th2C+
and Th2N+, as well as all other observed species, carbon,
nitrogen, or oxygen atoms form bridges between the thorium
atoms instead. This is also found for the ThUO+

2 compound
species and leads to nonlinear geometries for all molecules
consisting of more than three atoms.

The most remarkable structure is found for Th2NO+
2 which

adopts a closed, compact geometry. Note that this species
is found to be stable against photoexcitation in this study.
The dimer-based structures in general match the photoexcita-
tion results in that no Th+

2 fragments are observed. Forming
the Th+

2 structure from the folded geometries of the larger
molecules is expected to require significant reconfiguration.
Dissociation into the observed ThX fragments should be more
favorable.

Calculated dissociation energies D are listed in Table II for
all observed fragmentation pathways. The dissociation energy
is defined as the energy difference between the global min-
ima of the precursor and the charged and neutral fragments.
Comparing the results to the measured relative abundances
(Table I) again reveals qualitative agreement. In the cases of
Th2N+, Th2O+, and ThUO+

2 , the higher-abundant fragments
correlate to lower dissociation energies. The relatively small
energy differences of some hundreds of meV, compared to the
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TABLE III. Ion species for which precision mass measurements have been performed (not exhaustive of all observed signals). The species
denoted “REFERENCE” is used for calculations in their respective vertical blocks. No reasonable assignment could be performed for entries
denoted by (?). Literature mass values are taken from [67].

Cations Anions

Ion mass (u) Ion mass (u) Ion mass (u) Ion mass (u)
A Species (calculated) (AME2020) Species (calculated) (AME2020)

26 12C 14N− 26.0033(2) 26.0036
10B 16O− 26.0089(4) 26.0084

27 11B 16O− 27.0048(2) 27.0048
35 35Cl− REFERENCE 34.9694
39 39K+ REFERENCE 38.9632
59 40Ca 19F+ 58.9613(5) 58.9604
79 79Br− 78.9192(7) 78.9189

156 ? 155.903(1)
175 ? 174.963(1)
230 182W 16O−

3 229.935(2) 229.933
231 183W 16O−

3 230.937(2) 230.936
232 232Th+ 232.038(2) 232.038 232Th− 232.037(2) 232.039

184W 16O−
3 231.936(2) 231.936

234 186W 16O−
3 233.941(2) 233.940

238 238U+ 238.049(2) 238.050
248 232Th 16O+ REFERENCE 248.032 232Th 16O− REFERENCE 248.034
251 232Th 19F+ 251.036(2) 251.036
254 238U 16O+ 254.045(2) 254.045
264 232Th 16O−

2 264.028(2) 264.028

267 232Th
16

O 19F+ 267.032(2) 267.031
270 232Th 19F+

2 270.034(2) 270.034
280 232Th 16O−

3 280.022(2) 280.023
289 232Th 19F+

3 289.033(2) 289.033

464 232Th+
2 464.073(4) 464.076

476 232Th2
12C+ 476.076(4) 476.076

478 232Th2
14N+ 478.079(4) 478.079

480 232Th2
16O+ 480.070(4) 480.070

492 232Th2
12C 16O+ 492.070(4) 492.070

232Th2
14N+

2 492.082(4) 492.082
494 232Th2

14N 16O+ 494.075(4) 494.074
496 232Th2

16O+
2 REFERENCE 496.065

502 232Th 238U 16O+
2 502.075(4) 502.078

510 232Th2
14

N 16O+
2 510.067(4) 510.068

512 232Th2
16O+

3 512.063(4) 512.060
514 232Th2

16O2
18O+ 514.061(4) 514.065

744 232Th3
16O+

3 744.100(6) 744.098
758 232Th3

14N 16O+
3 758.103(7) 758.101

760 232Th3
16O+

4 760.093(6) 760.093

774 232Th3
14

N 16O+
4 774.103(7) 774.096

776 232Th3
16O+

5 REFERENCE 776.088
778 232Th3

16O4
18O+ 778.088(7) 778.092

photon energy of 2.33 eV, also explain why both pathways
are observed. However, for Th2C+, the calculated energies
are virtually identical while a 75:25 abundance difference
is measured. This mismatch cannot be explained from the
present experimental or computational data set. In the cases of
Th2NO+ and Th2O−

3 the measured abundances of the charged
products show a 50:50 ratio although the dissociation energies
differ. Note that no reaction barriers are considered in the
calculations. Also note that the detachment abundance is sig-
nificantly larger than the very small total fragment abundance

in the case of Th2O−
3 . Sequential pathways including electron

detachment might lead to the mismatch of the experimental
and calculated results for the anionic precursor.

The absolute values of the calculated dissociation energies
are in the range of two- or three-photon absorption for the
present laser wavelength. In general, this is possible but it con-
tradicts the experimental findings in the case of ThUO+

2 (see
Fig. 9), where evidence points to single-photon dissociation.
As already stated above, high temperatures and, thus, high
rovibrational energies prior to photoexcitation are expected
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for molecules produced by the present source. It is unclear,
however, whether temperatures would be high enough and
radiative cooling would be slow enough to explain the discrep-
ancy. Lastly, the total fragment abundances roughly correlate
to the inverse values of D, however, no actual trend can be
derived from the present data.

V. SUMMARY

Cationic and anionic molecules are produced from a
heavily oxidized 232-thorium foil by laser ablation under
high-vacuum conditions. Precision mass analysis is performed
with a multireflection time-of-flight (MR-ToF) mass spec-
trometer. A number of contaminants including halogens as
well as natural uranium are identified. Thorium is predomi-
nantly found in the form of oxides ThnOx due to the advanced
oxidation of the target foil. There is a strong preference to
form ThnO+

2n−1 oxides, which might be linked to a produc-
tion mechanism based on assembly from neutral ThO2. The
thorium-uranium compound ThUO+

2 is the only observed
molecule incorporating both actinides.

Photoexcitation measurements at λ = 532 nm show a pref-
erence to form thorium monomers Th+ and monomer-based
species ThX+ from dimer-based species Th2X+. For the
anionic species Th−, ThO−, and ThO−

2 only electron de-
tachment is observed. The findings are supported by results
from density functional theory yielding geometric structures
and dissociation energies. Instead of thorium-thorium bonds,
ground-state isomers show a preference for bridge-type bonds
incorporating carbon, nitrogen, or oxygen.
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APPENDIX A: ION IDENTIFICATION VIA PRECISION
MASS MEASUREMENTS

Selected species are stored in the MR-ToF analyzer for
up to N = 1000 revolutions. The ion masses determined ac-
cording to Eq. (1) are given in Table III. A high-abundance
reference species marked “REFERENCE” is chosen for each
mass range. The uncertainties of the calculated masses follow
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FIG. 11. (a) Spectrum of anionic signals around A = 232 from
new laser-ablation spot. (b) Relative abundance of recorded sig-
nals (black) and natural abundance distribution of tungsten isotopes
(blue) [68].

from those of the periods T and Tref . Due to the investigations
being performed over multiple days, systematic drifts in, e.g.,
applied voltages or ambient temperature lead to period fluctu-
ations. Even though references are regularly remeasured, the
large number of molecules and wide mass ranges still incur
accuracy reductions. Thus, a systematic relative uncertainty
of 3×10−6 is quadratically added to the statistical one. This
value is chosen based on the observed period drifts over the
course of multiple days. Note that the performance of the
mass measurements is slightly worse in the topmost block
of Table III. This is due to larger relative mass differences
between the references and ions of interest as well as the
MR-ToF analyzer producing worse signal shapes since it is
optimized for larger masses in this study.

APPENDIX B: MOLECULES NOT
CONTAINING THORIUM

Next to the molecules discussed in the main text, there
is an unknown cationic signal at A = 156 as well as an an-
ionic signal at A = 175. The determined mass of the cation
matches that of 137Ba 19F+ which might be explained by the
age of the target foil. However, the isotope distribution of the
neighboring mass numbers does not match that of barium.
Specifically, the most-abundant natural isotope 138Ba should
lead to a significantly higher signal on A = 157 which is not
observed.

Isotope distributions are an important tool for element
identification. For example, the distribution of WO−

3 anions
between A = 230 and 234 found on new laser-ablation spots
(Fig. 11) matches the natural abundances of tungsten iso-
topes. This both confirms the molecule and highlights that
no significant amount of thorium is present on A = 232. The
anionic species on mass numbers A = 26 and 27 are identified
similarly: While the determined mass of 10B 16O− only fits
its expected value within two standard deviations, the relative
abundance of 10B and 11B confirms the molecule.
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