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Thorium in hypersonic gas jets: Ionization potentials of Th and Th+
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Laser ionization spectroscopy was performed on both neutral and singly ionized 232Th with the aim of
identifying the nuclear-clock isomer in the singly charged ionic state of 229Th. A search for an efficient laser
ionization scheme of 232Th+ was conducted in an argon-filled gas cell. This revealed a congested spectrum
due to collisional quenching effects and the presence of several autoionizing states, one of which has a laser
ionization efficiency of at least 1.2%. Using a threshold approach, the second ionization potential was determined
to be 12.300(9) eV. The subsequent study on atomic 232Th validated the threshold approach. Conducting
spectroscopy in a hypersonic gas jet suppressed the gas-collision-induced quenching, revealing a Rydberg series
that converges to the first ionization potential, determined to be 6.306 879(14) eV. The gas jet also cools down
the thorium, allowing for high-resolution laser spectroscopy with a resolution of 240(30) MHz. Using the
multiconfigurational Dirac-Hartree-Fock method, the ionization potentials were computed, showing a relative
difference of 0.06% and 0.19% between theory and our experimental values for the ionization potentials of Th
and Th+, respectively. Further calculations using a pseudorelativistic Hartree-Fock method reveal strong mixing
in the used intermediate state at 26 113.27 cm−1 of Th. A dedicated fast-extraction gas cell with 233U recoil
sources was used to study 229Th+, but no photoionization signal could be observed.

DOI: 10.1103/wqz7-ydrs

I. INTRODUCTION

The use of a nuclear transition in a next-generation optical
clock can provide unprecedented accuracy to time mea-
surements [1]. The small electric and magnetic moments
associated with atomic nuclei make the frequencies of nuclear
resonances especially insensitive to external perturbations.
The 229Th nucleus has emerged as a viable candidate for
such a nuclear clock due to its laser-accessible isomeric state.
Recently, the isomer has been populated by laser excitation
in a VUV-transparent host material [2–4], constituting an im-
portant milestone towards the realization of the clock. One
of its main foreseen strengths is its enhanced sensitivity to-
wards temporal variations in the fundamental constants due
to its near perfect cancellation of the Coulomb and strong
interaction energies [5]. The sensitivity is dependent on the
mean-square charge radii and the electric quadrupole mo-
ments of both the ground and isomeric states of 229Th [6]. An
accurate determination of these observables has been a key
motivator for laser spectroscopy studies on thorium.
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The low excitation energy of the isomer (8.356 eV [2–4]),
which has been determined with a relative accuracy of 10−12,
strongly affects its decay mechanism and was historically
the reason why it remained elusive for so long. The first
direct observation of the isomer was achieved by the detection
of its internal conversion decay [7]. This mechanism is the
dominant decay path for the isomer in the neutral atomic
state, in which it has a half-life of 7(1) µs [8]. This short
half-life makes laser spectroscopy unfeasible on the atom.
Laser spectroscopy studies of the isomer have therefore been
performed on the doubly charged ion [9] and more recently
on the triply charged ion [10]. In these ionic states, the fast
internal conversion decay is energetically forbidden and the
isomer decays predominantly via a much slower M1 gamma
transition that was first observed in [11].

The isomeric state, though, has never been observed in the
singly charged ion. Electronic bridge processes are possibly
at play in this configuration [12–14]. An upper bound for
the half-life of the isomer in the singly charged state was
found to be 10 ms [8], significantly shorter than predicted by
theory [14,15]. The proximity of electronic transitions to the
isomeric state influences the electronic bridge decay process.
The density of electronic states has therefore been mapped in
previous studies [16,17] and an initial estimation of the second
ionization potential (IP2) was inferred [16].

Motivated by these observations, we initiated a program
to find and study the isomeric state in the singly charged ion
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229(m)Th+ using the in-gas laser ionization and spectroscopy
(IGLIS) technique at KU Leuven [18]. With the achievable
resolution of the in-gas-jet method of IGLIS (∼200 MHz),
simulations suggest that the isomeric state can be distin-
guished from the ground state based on the hyperfine structure
(HFS) [19]. To pursue this goal, first preparatory studies had
to be performed to obtain an efficient laser ionization scheme
for Th+. An existing two-color three-step scheme reported in
the literature [16] was initially tested but was found to provide
only around 0.1% laser ionization efficiency. These investiga-
tions led to the extraction of the first two ionization limits IP1

and IP2 of Th, both with many-fold improved uncertainties
which we report here. To carry out these studies, we used
232Th produced via laser-assisted ablation in a gas cell, which
facilitated an extensive investigation of the spectrum around
the IP1 and IP2 by resonance ionization spectroscopy. The
229(m)Th+ ions were obtained from a 233U alpha recoil source;
however, laser ionization of 229(m)Th+ proved to be unsuc-
cessful, as no photoions could be observed. Nevertheless, the
results of characterization studies of the recoil sources and of
laser spectroscopy on neutral 229Th are reported. These exper-
imental measurements were accompanied by atomic structure
calculations using the multiconfiguration Dirac-Hartree-Fock
(MCDHF) method to compute the IPs. In the case of Th, iden-
tification of the intermediate atomic state used in Sec. V was
performed by a pseudorelativistic Hartree-Fock method with
included core-polarization effects (HFR+CPOL). The radial
parameters of this method were refined using least-squares to
minimize the energy difference between calculated and known
experimental values of lower-lying states.

II. EXPERIMENTAL SETUP

Most laser spectroscopy studies of short-lived actinides
have been performed using in-gas-cell techniques. A prime
example is the isotope shift measurements conducted on the
fission isomers of 240,242Am [20]. These measurements high-
light the technique’s high sensitivity, dealing with production
rates down to 10 s−1 and its applicability to short-lived species
(e.g., 240 f Am has a half-life of 0.9 ms). While this was possi-
ble by the enhanced sensitivity of detecting fission fragments
in the gas cell, detecting the decay channel of the thorium
isomer is more challenging. Ion counting techniques can be
used, requiring fast extraction of the isomer out of the gas
cell volume and differential pumping (DP) as these detectors
only operate in high vacuum. Furthermore, the spectroscopic
broadening effects associated with a gas environment, i.e.,
Doppler and collisional broadening, lead to typical spectral
resolutions of �4 GHz.

The use of supersonic gas jets in laser spectroscopy of
short-lived nuclei was first implemented at the Leuven Isotope
Separator On Line (LISOL) to significantly reduce the broad-
ening effects associated with high-pressure gas environments
[21–23]. By using a convergent-divergent nozzle, a super-
sonic argon gas jet was created in which resonance ionization
spectroscopy studies were performed on the neutron-deficient
actinium isotopes 214,215Ac [23], improving the spectral reso-
lution by one order of magnitude while preserving the overall
efficiency and sensitivity of the gas cell results. A new gen-
eration of de Laval nozzles has recently been characterized

offering a Mach number of more than 8 (i.e., producing
hypersonic gas jets) and bringing the resolution down to
200 MHz for typical actinide transitions [24,25]. With such
a hypersonic nozzle, the first in-gas-jet spectroscopy on 254No
has been performed using the JetRIS setup at GSI [25]. The
laser spectroscopy studies on Th and Th+ reported in the
present paper are performed with the same methodology in
the off-line IGLIS laboratory at KU Leuven. The laboratory
consists of a laser clean room and a gas jet setup and was
specially designed to develop and optimize the in-gas-jet laser
spectroscopy method. A detailed overview of the IGLIS lab-
oratory is given in Ref. [18]. Only a short description of the
components pertinent to the present work is given here.

The front end of the jet setup (see Fig. 1) houses the gas
cell and the DP system. Two different gas cells are used
in our experiments depending on the isotope under study.
The gas cell or stagnation pressure P0 is optimized per ex-
periment. To achieve a short evacuation time (<5 ms), a
dedicated fast-extraction gas cell was developed housing a
pair of cylindrical 233U recoil sources. The nuclear recoils
are stopped in a high-purity argon buffer gas with which they
get extracted via a low-P0 de Laval nozzle [25,26]. The ac-
celeration to hypersonic velocities results in a well-collimated
and low-temperature gas jet. The achievable spectral resolu-
tion in the gas jet can eventually be employed for separation
and identification of the isomer from the ground-state based
on its hyperfine splitting. In addition, a larger S3-prototype
gas cell is used for the production of 232Th by laser abla-
tion (Sec. III A). Both gas cells can also be equipped with
transverse optical viewports for in-gas-cell laser spectroscopy
studies. As the performance of the nozzle is critically depen-
dent on the background pressure environment in which the
gas jet expands, an extensive DP is maintained. This specific
nozzle requires a background pressure of 5×10−3 mbar (for
P0 = 80 mbar), which is achieved with an Edwards XDS 35i
dry scroll pump backing three turbomolecular pumps, one per
DP section. The radiofrequency quadrupole (RFQ) ion guide
system transporting the ions through the differential pumping
sections consists of an S-shaped RFQ, a small DP RFQ, and
the ion guide (IG) RFQ.

The ions are extracted to a high-voltage platform, where
an Einzel lens and a set of steerers are used for ion-beam
manipulation. Beam diagnostics are possible with a Faraday
cup and a microchannel plate (MCP) detector mounted with
a phosphor screen as anode and a USB camera to record the
beam spot images. To adjust the beam intensity, an attenuator
with a 1% transmission can be inserted. A dipole magnet
with a resolving power m/�m = 180 at 25 kV is used for
mass separation, which can be further increased using mass
slits [26]. Ion detection is performed at the focal plane of the
magnet using a channel electron multiplier (CEM).

The IGLIS laser system comprises three wide-tunable,
high-power, high-repetition-rate dye lasers (Sirah Credo),
which are each optically pumped by a Nd:YAG (Edgewave
INNOSLAB). These are used for broadband excitation, scan-
ning, as well as ionizing steps. The bandwidth of the dye
lasers with a grating of 3000 lines/mm is around 0.06 cm−1 at
fundamental light of 530 nm. The pump lasers can be operated
with 532 nm (355 nm) and an output power up to 90 W (36 W)
at 10 kHz pulse repetition rate. A higher power pump laser is
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FIG. 1. Schematic representation of the IGLIS jet laboratory at KU Leuven. The thorium isotopes are produced in the argon-filled gas
cell and transported via gas flow through a de Laval nozzle into a hypersonic gas jet. The lasers, for which each step is denoted by a λi (with
i = 1, 2, 3 the excitation steps, see Fig. 3), can be overlapped in several different configurations. For low-resolution in-gas-cell spectroscopy,
the lasers can enter into the cell via transverse windows. For the high-resolution in-gas-jet spectroscopy, the lasers were overlapped transversely
in a small portion of the gas jet or they can be reflected multiple times through the gas jet by use of the prisms. Photoions are then captured by
the RFQ system and extracted to the high-voltage platform. After mass separation, the ions are counted.

also available and can provide up to 165 W at 532 nm and
72 W at 355 nm at 15 kHz. During the studies presented in
this paper, the repetition rate was set to 7 kHz as this provides
the highest energy per pulse.

For higher-resolution laser spectroscopy studies, a narrow-
bandwidth laser system is employed which consists of
a pulsed dye amplifier (PDA) seeded by a single-mode
continous-wave laser (usually an external-cavity diode laser)
and with up to three amplification stages. To ensure that
the amplified light remains single-mode in nature, a single-
longitudinal mode Nd:YAG (SLM) laser is used for optical
pumping. This laser provides up to 60 W at 532 nm and a
15 kHz pulse repetition rate. The characterization and optimal
specification of a prototype version of this laser are discussed
in [27]. The PDA system provides Fourier-limited laser pulses
of 2.8 ns corresponding to a bandwidth of 158 MHz in fun-
damental light of 760 nm created by a solution of styryl 8
laser dye in dimethyl sulfoxide. The wavelength is measured
by a Highfinesse WS7/60 wavemeter, which is periodically
calibrated using a frequency-stabilized He-Ne laser.

III. DEVELOPMENT OF A LASER IONIZATION
SCHEME FOR Th+

Efficient laser ionization is key to studying the isomer in
229Th+. Previous studies of the electronic structure of thorium,
cf. [16,17,28], used two-photon laser-induced fluorescence
to probe the electronic states in the range of 7–10 eV to
investigate the possibility of exciting the isomer via an inverse
electronic bridge process. Laser ionization of 232Th+ was
observed in these studies by a two-color, three-step scheme
when the second laser reached states above 61 000 cm−1. This
allowed the authors of these studies to locate the second ion-
ization potential IP2 in a range between 11.9 and 12.3 eV [16].
Reproducing this ionization scheme in our laboratory resulted
in a laser ionization efficiency of � 0.1%.

Motivated by the need for a more efficient ionization mech-
anism for Th+, a three-color, three-step laser scheme was
investigated by means of laser-assisted ablation of a 232Th

target located inside the gas cell. Preliminary results using the
in-gas-cell method were already published in [29], showing
a dense spectrum of resonances around IP2. Building upon
this work, the full uncertainty range of IP2 was covered to
extract several autoionizing (AI) states and therefore a higher
ionization efficiency laser scheme as well as a more accurate
value of the IP2, as reported in the following sections.

A. Laser-assisted ablation of Th+

Singly charged 232Th ions were obtained by laser abla-
tion of a metallic thorium foil (Goodfellows, 99.5% purity,
25 mm×25 mm, and 64 µm thick). This foil was installed in a
gas cell that serves as the prototype model to be used in online
experiments at the S3 low energy branch (S3-LEB) [18] and
through which a constant high-purity argon gas flow (grade
6.0, cleaned by monoTorr getter-based purifier) was passed.
The extraction time of the ablation products in this gas cell
lies between 400 and 600 ms [19]. The foil was illuminated
by the second harmonic of a Nd:YAG laser (Quanta-Ray/
Spectra Physics INDI series Laser) at 532 nm and 20 Hz
pulse repetition rate and focused on a 3 mm2 area. With an
average energy of ≈ 5 mJ/pulse and a buffer gas pressure of
15 mbar, a continuous 106 ions/s beam of 232Th+ could be
mass-separated, while only providing a background beam of
several tens of ions/s in the 232Th2+ mass region. The mass
spectrum under these conditions is shown in Fig. 2. Under
optimal conditions, it was possible to keep the beam stability
within 10% (difference between highest and lowest count rate
over average count rate). On average, the stability was about
20%. The most stable configuration of ablation was found
when using a scanning mirror, which would alternate between
two different points on the foil every 0.5 s.

B. Search for atomic levels in the gas cell configuration

Three dye lasers, each pumped by one Nd:YAG laser (see
the end of Sec. II), were used to ionize 232Th+ inside the
gas cell. The three laser beams illuminated the full transverse
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FIG. 2. Mass spectrum when ablating thorium with identified
molecular sidebands. This corresponds to an energy fluence of about
0.15 J/cm2. This spectrum was taken after several weeks of condi-
tioning. About 106 ions/s of 232Th+ and 2×105 ions/s of 232ThO+ are
produced.

entrance windows (channel diameter of 6 mm) of the gas
cell (see Fig. 1). The first and second lasers were fixed to
the known transitions, while the third-step laser was used to
scan the region around the IP2. The first-step transition cor-
responds to the strongest resonance starting from the ground
state 6d27s 4F3/2 → 6d7s(3D)7p (Jπ = 5/2o) at an energy of
24 873.983 86(14) cm−1 [30,31]. The second excited state is
situated at a measured energy of 64 150.38(6) cm−1 and has
an unknown configuration with a total angular momentum of
J = 3/2. Starting from this state, a region of about 6000 cm−1

was covered during the third-step scans as shown in Fig. 3.
The shot-by-shot variance of the ablation ion source was

averaged out by measuring the count rate at each set wave
number seven times for 1 s. To minimize the variation in
background, the power in the first and second step was re-
duced in order to suppress the laser-induced background.
Such a background consists of two-color, three-step laser-ions
and a nonresonant background. The main contribution to the
background originated from the laser ablation source itself,
followed by a nonresonant background related to the third
laser step. The ion beam intensities of Th+ were regularly
recorded and used to normalize the background between in-
dividual scans. Overall, more than 700 different peaks were

FIG. 3. Level search conducted on Th+ using the third laser
step (λ3) in the gas cell (P0 = 15 mbar). The first (λ1) and second
steps (λ2) were fixed at a wavelength of 402.026 and 254.606 nm,
respectively. All spectra were normalized to an ion beam intensity of
500 000 cts/s of Th+. As this search consists of about 40 individual
scans conducted at varying laser conditions, peak height does not
indicate transition strength. The literature range of IP2 is denoted by
the dashed lines.

FIG. 4. Top: Part of the normalized level search shown in Fig. 3.
The selected background points are denoted by the dashed lines.
Bottom: The threshold S-curve [Eq. (1)] fitted to the background
points. The dotted lines represent the upper asymptote and tangent of
the inflection point. The found IP2 is the intersection of those lines,
and its uncertainty is denoted by the blue shaded area.

observed, differing in morphology and background, that en-
abled the extraction of the IP2.

C. Ionization threshold

The rise in count rate between the peaks and the differ-
ence in peak width observed around 35 000 cm−1 (cf. Fig. 3)
indicate a change in ionization behavior, i.e., the crossing of
the IP2. The states shown in Table I are substantially wider
than the typical peaks found at lower energies, which have a
full width at half-maximum (FWHM) of 0.2−0.3 cm−1. The
photoionization threshold is determined by fitting a sigmoid
function through selected points in the regions between the
peaks. These points are taken as averages of 0.5-cm−1-wide
regions absent of resonances. In the high-energy portion of
the spectra, the points are chosen to be in the valleys of
the ionizing structures. The photoionization threshold EIP2 is
given by the intercept of the top asymptote with the tangent of
the inflection point of the sigmoid function. The threshold is
represented by a dashed line in Fig. 4. The sigmoid function y
and the photoionization threshold EIP2 are given by

y = A2 − A1

1 + e
x−x0

β

+ A1, EIP2 = 2β + x0, (1)

where x0 is the inflection point of the S-curve and β is a
slope parameter. The arms of the curve are determined by A1

and A2 for the top and bottom asymptotes, respectively. This
analytic method was chosen to better capture the transition
between the Rydberg states, which merge together to form
the S-shape, and the continuum states with their autoionizing
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TABLE I. Energy, FWHM, and relative intensities of the ob-
served AI states.

Autoionizing states

Energy (cm−1) FWHM (cm−1) Relative intensity

99 766.87(22) 2.55(12) 1
99 774.1(5) 2.59(14) 0.3
99 963.1(8) 1.38(30) 0.5
100 173.5(4) 2.6(15) 0.4

structures forming the high-energy plateau, and it is based on
the work on astatine [32,33]. The photoionization threshold
for Th+ is therefore found to be EIP2 = 99 207(73) cm−1 or
12.300(9) eV.

D. Laser ionization efficiency

The laser ionization efficiency is defined as the ratio of the
resonantly laser-ionized Th2+ count rate over the laser-ablated
Th+ count rate. Laser ionization efficiencies of around 0.5%
were obtained in runs that led to the data shown in Fig. 3.
Most of the resonances found are located below the IP2,
indicating that ionization occurs via four or more steps. The
most intense of these peaks were checked and confirmed to
be dependent on all three laser steps (i.e., three-color). Most
likely, collisional deexcitation and subsequent laser ioniza-
tion are involved, a phenomenon that has been observed in
atomic Th and is discussed in Sec. V D. Despite this, some
of these transitions exhibit ionization efficiencies of several
percent and could, for instance, eventually be used for ra-
dioactive ion beam (RIB) production in a gas cell-based laser
ion source. Two examples are the transition at 33 837.3 cm−1

with 1.9(3)% (from [29]) and a transition at 34 113.6 cm−1

with 3.4(5)%. The highest achievable laser powers for these
transitions were used: 500, 180, and 2100 − 2200 mW of
laser power for steps 1, 2, and 3, respectively, at a 7 kHz
pulse repetition rate. The strongest states found above IP2

are shown in the left panel of Fig. 5 and are tabulated in

FIG. 5. Left: Spectrum of the AI states with the best fits of four
different AI states plotted in red. The 99 766.87 cm−1 AI state is
marked by the black star, the others with a red star. This scan was
performed in an attempt to identify a stronger AI state than the
state at 99 766.87 cm−1 and therefore larger step sizes were used
(1−2 cm−1). Right: The proposed laser ionization scheme using the
strongest AI state.

Table I. The strongest AI resonance is found at an energy
of 99 766.87 cm−1. Due to the angular momentum of the
state below, the observed AI states are assigned to have odd
parity with either J = 1/2, 3/2, or 5/2. The efficiency for
ionization via the 99 766.87 cm−1 state was measured to be at
least 1.2% in an environment of 15 mbar. Relative strengths
were measured only at an argon pressure of 80 mbar. The
higher stagnation pressure affects the output of the ablation
source and increases quenching effects, both diminishing the
photoion intensities. Using these results, a new laser ion-
ization scheme is proposed and shown in the right panel
of Fig. 5. Because of collisional deexcitation (quenching),
an accurate efficiency for the states is difficult to ascertain.
Attempts at ionizing Th+ in the gas jet, where collisional
effects are minimized due to the four orders of magnitude
lower gas pressure, proved, however, unfruitful to assign a
reliable ionization efficiency. A photoionization signal was
observed, showing a clear difference between under and above
IP2, but for unknown reasons the count rate varied enormously
from laser shot to laser shot. This instability could be related
to the multimode structure of the laser light and the narrow
resonances of thorium in the gas jet. Spectral fluctuations
over the different laser modes might thus drastically affect
the count rate. Two other possible issues might also limit the
performance of the in-gas-jet method: on the one hand, the
technical difficulties of overlapping three lasers with the gas
jet, and on the other hand, performing in-gas-jet spectroscopy
on ions. For the former, technical constraints in overlapping
the three lasers at the gas jet meant that the second step (λ2 in
Fig. 1), which has the lowest available power, was aligned in
an antipropagating geometry. The other two remaining lasers
(λ1,3) could easily be overlapped in a transverse geometry to
the jet, either by a beam splitter or a D-shaped mirror. The
passage of the laser though the nozzle throat and the gas cell
could somehow affect the stability of the Th+ signal extracted
from the gas cell. As for the latter, the presence of the electric
fields from the S-RFQ on the gas jet region could affect the
Th+ ion beam. Shielding the S-RFQ with a grid, however, did
not eliminate the fluctuations.

IV. ATTEMPT AT LASER SPECTROSCOPY OF 229Th+

Other than by use of an accelerator facility, the most viable
approach to populate the isomeric state in 229Th+ is using
an alpha recoil source of 233U. In the alpha decay, approxi-
mately 2% [7] of the thorium recoils end up in the isomeric
state. Fast extraction of thorium is essential for studying
the isomer in the singly charged ionic form (see the Intro-
duction). Therefore, a dedicated fast-extraction gas cell was
designed, and gas-cell evacuation times were simulated using
the comsol Multiphysics software. The gas cell consists of a
cone-shaped volume extending to a narrow channel in which
two cylindrical sources are mounted. Simulations suggest ex-
traction times of about 1 ms for the first cylinder (S1) and
2.5 ms for the second (S2) [19]. A schematic of the gas cell
and the simulated evacuation times are shown in the left and
right panels of Fig. 6, respectively.

Each cylindrical source contains a 20 mm×15.7 mm ti-
tanium foil (10 µm thick) onto which 233U was deposited
by molecular plating [34]. One source is loaded with a
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Nozzle

Ion collectors
Laser 
window

Pressure
gauge

Gas inlet
Recoil sources

FIG. 6. Left: Schematic of the fast gas cell and the positions of
the two recoil sources. Right: the extraction time out of the fast gas
cell of the recoil ions computed using comsol Multiphysics. The red
(blue) bounding box in the schematic and the red (blue) extraction
time curves correspond to the S1 (S2) recoil source.

measured activity of 30.8 kBq and the other with 9.2 kBq,
corresponding to 86.4 and 25.8 µg of 233U, respectively. The
exact chemical composition of the layers is not known but
is expected to be UO2 mixed with some hydroxide and car-
bonate species. The isotopic composition is 87.87% 233U,
11.21% 238U, 0.83% 234U, and <0.1% for each isotope of
232,235,236U. The production process and characterization of
the sources are discussed in [35]. Recoil efficiencies were
determined at JGU Mainz by adding a tracer of 243Am in
similarly produced foils. Recoiling 239Np daughters were
caught on an aluminum foil in vacuum and quantified by
gamma spectroscopy. Efficiencies of 3.2(8)% (30.8 kBq)
and 6.9(20)% (9.2 kBq) were inferred [36]. The sources
were loaded into the fast gas cell such that the high activ-
ity source (30.8 kBq) was inserted first (in position S1, cf.
Fig. 6), leaving the 9.2 kBq source closer to the exit hole
(position S2).

An initial characterization of the sources was published
in [29]. Count rates of 680 counts/s for 229Th+ and 210
counts/s for 229Th2+ were determined, indicating an extraction
efficiency of 85%. More recent mass spectra (see Fig. 7)
using P0 = 38 mbar and a free gas jet (diameter 1.5 mm)
showed higher intensities of up to 1360 counts/s for 229Th+

and 500 counts/s for 229Th2+. The increase in count rate by
a factor of 2 is rather puzzling, as this would correspond to
an unphysical transport efficiency. Under the assumption of a
100% extraction efficiency and a separator transport efficiency

229Th+

224Ra+

220Rn+

216Po+
229Th2+

229ThAr2+

233U2+

233U+

238U2+ 238U+212Pb+,212Bi+,212Po+

208Tl+,208Pb+

FIG. 7. Mass spectrum of the recoil sources in optimal condi-
tions. The composition of the used uranium is discussed in the
text and shows the in-growth of daughters of the 232U isotopic
contaminant.

of 66(6)% [37], the observed count rates would correspond
to minimum recoil efficiencies of 5.6% for S1 and 12% for
S2. This is assuming that both source recoil efficiencies are
affected equally. The reason for the overall improvement in
count rate is also not well understood, but conditioning of the
recoil sources under a prolonged (>1 yr) argon atmosphere or
the cumulative effect of slight beam tuning improvements is
considered.

Using the ionization scheme reported above with a mea-
sured laser ionization efficiency of 1.2% and testing different
laser geometry arrangements, several attempts at laser ioniza-
tion of 229Th+ were carried out. Unfortunately, no photoion
signal was observed, unlike for 232Th+. A plausible explana-
tion could be that most of the 229Th+ ions end up in long-lived
excited electronic states after recoiling into the argon buffer
gas. Either these states are populated directly during recom-
bination in the gas or via the deexcitation pathway. Such
states would be unavailable for laser excitation, reducing the
efficiency of the developed laser ionization scheme. Any laser
ions could then easily be obscured by the background of Th2+

ions coming from the recoil sources. Attempts at reducing this
ion background using, e.g., a xenon admixture added to the
argon buffer gas were unsuccessful.

V. LASER SPECTROSCOPY OF Th

Practical difficulties, such as the overlapping of three laser
beams with the gas jet and the presence of electric fields in
the jet region, made it impossible to study Th+ in the gas
jet. In fact, the spectral congestion observed in the scans of
Th+ while searching for atomic levels in the gas cell obscured
any clear indication of a Rydberg series. Such a series would
provide a significant improvement in the precision of the IP2.
To try to understand, on the one hand, the systematic effects in
the determination of the ionization potential via the threshold
method, and, on the other hand, the quenching mechanisms in
the gas cell medium, we initiated a series of measurements
using neutral Th, for which precise experimental data are
available in the literature, e.g., IP1 of 50 867(2) cm−1 [38].
Furthermore, these measurements would result in the first
determination of the IP1 of an element via Rydberg series in
the gas jet.

A. Search for atomic levels around IP1

Laser ionization schemes of atomic Th are well-known
in the literature [39,40]. Both three- and two-step schemes
are known. A two-step scheme was chosen from Ref. [41],
which uses the 6d27s2 3F2 →(Jπ = 2o) ground-state transi-
tion at 382.947 nm for the first step. This light can easily
be produced by both our broadband laser and narrowband
PDA. Unfortunately, this choice of first step allows ionization
via a one-color, two-step process, resulting in a permanent
background. The laser ionization scheme is shown in the inset
of Fig. 8. The second-step laser was scanned just below the
ionization limit IP1 from a wavelength of 403.9–404.9 nm
with a typical step size of 0.11 cm−1 and a laser bandwidth
of ∼0.06 cm−1. The laser power was kept high at 250 mW,
inducing enough power broadening to compensate for the
large step size. Both lasers were operated at 7 kHz. Laser-
assisted ablation provided the thorium atoms, and the ion
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FIG. 8. Top: Spectrum obtained by scanning the second step with both steps transversely illuminating the gas cell. Bottom: The same range
with the lasers transversely intersecting the gas jet. The gas jet itself is shielded from the electric fields of the RFQ using a wire grid. The value
of IP1 from [38] is denoted by the dashed line with shaded 2σ uncertainty, and the ionization scheme is given in the inset. A clear change in
the in-gas-jet spectrum is observed when approaching the ionization threshold. The autoionizing state at 50 871.3 cm−1 (right-most peak) goes
up to 700 000 cts/s in the gas jet spectrum.

collector electrodes in the gas cell were used to remove any
non-laser-related background ions.

Similarly to the Th+ case, a search for atomic levels in the
vicinity of the ionization threshold did not reveal a clear Ry-
dberg series when performing in-gas-cell laser spectroscopy,
as illustrated in the top panel of Fig. 8. When a similar region
was scanned in the gas jet, a structure of converging Rydberg
states appeared below the known IP1. To suppress any Stark
splitting and broadening originating from the RFQ electric
fields, a wire grid was installed at the end of the 60 mm gas
jet at a distance of 10 mm from the RFQ entrance (see Fig. 1).
The wire grid shielding not only improves the resolution but
also separates the laser excitation from the field ionization
region (see Sec. V C). This further simplified the spectrum, as
short-lived, low-n valence states are allowed to decay during
hypersonic travel (approximate travel time of 110 µs). The
resulting in-gas-jet spectrum (see the bottom panel in Fig. 8)
shows clear Rydberg states just below the IP1 as the transi-
tions originating from collisional deexcitation are almost fully
suppressed in the gas jet.

B. In-gas-jet spectroscopy of Rydberg series

To identify different Rydberg series in a spectrum,
the quantum defects are analyzed. In the region
50 800−50 845 cm−1, 49 peaks were observed and their
positions were determined by a Voigt fit. They are listed in
Table II. An effective quantum number n∗ and a quantum
defect δ were assigned to each peak by

n∗ =
√

Rμ

Eguess − En
and δ ≡ −n∗ (mod 1),

for which the literature IP1 value was taken as an ini-
tial guess Eguess. The reduced Rydberg constant Rμ is
109 737.315 681 60(21) cm−1 [42]. The quantum defect de-
fined in this manner is equal to the real quantum defect up
to an integer value. A series is identified by repeated constant
quantum defects over a long chain of principal quantum num-
bers n = n∗ + δ. Such a chain can be perturbed by interloper
states with the same parity and angular momentum. Seventeen
unperturbed members of a single Rydberg series were identi-
fied and fitted using the Rydberg-Ritz formula,

En = EIP − Rμ

(n − δ)2 . (2)

The resulting fit, shown in Fig. 9, converged to a quantum
defect of δ = 0.56(1), and the IP1 of Th was determined to
be 50 868.41(2)stat.(11)sys. cm−1. The small statistical uncer-
tainty is entirely due to the large number of Rydberg states in
the identified series. The step size of the scan (0.11 cm−1) is
assigned as a systematic uncertainty and dominates the error
budget. The full list of peaks and their associated quantum
defects is given in Table II.

The threshold method used in Sec. III C is also applied
on the atomic spectra to obtain a value for IP1. In the spec-
trum of the gas cell (cf. the top of Fig. 8), a value of
50 847(34) cm−1 was determined, which agrees well with the
50 868.41(11) cm−1 Rydberg-Ritz value found in the gas jet.
While results here are consistent within errors, a systematic
deviation between such experimental approaches has previ-
ously been identified. These deviations have been recorded
for several species in the Ph.D. thesis of Rothe (Appendix C
of [33]). In the case of Th, the threshold approach gives,
respectively, 21 cm−1 lower values than the Rydberg-Ritz
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TABLE II. Table of the found resonances in the Rydberg region.
Energy and quantum defect are given. For the states belonging to the
series, the principal quantum number is provided. States denoted by ∗
are believed to be part of the series but are disturbed by an interfering
valence state and are not used in the Ritz-Rydberg convergence fit.

n Energy (cm−1) δ n Energy (cm−1) δ

50803.93(2) 0.75(1) 50823.92(1) 0.34(1)
50804.71(4) 0.49(1) 51 50825.28(1) 0.56(1)
50805.46(23) 0.25(8) 50825.64(2) 0.35(1)
50806.07(2) 0.05(1) 52 50826.92(1) 0.57(1)
50806.77(2) 0.81(1) 50827.24(2) 0.37(1)
50809.10(2) 0.99(1) 53 50828.51(1) 0.56(1)
50809.52(3) 0.83(1) 50828.77(3) 0.39(2)

44 50810.25(2) 0.56(1) 54 50829.94(3) 0.59(2)
50811.30(2) 0.17(1) 50830.25(1) 0.38(1)
50812.13(7) 0.84(3) 55 50831.40(2) 0.55(2)
50812.49(4) 0.70(2) 50831.56(2) 0.43(1)

45 50812.87(3) 0.55(1) 56∗ 50832.85(3) 0.45(2)
50813.59(2) 0.26(1) 50833.67(5) 0.80(4)
50814.16(5) 0.02(2) 57∗ 50834.15(4) 0.41(3)
50814.76(4) 0.77(1) 58∗ 50835.24(2) 0.48(2)

46 50815.26(6) 0.56(3) 59 50836.28(2) 0.56(2)
50815.71(6) 0.37(2) 60 50837.35(2) 0.56(2)
50817.05(2) 0.77(1) 50837.90(7) 0.03(7)

47 50817.56(3) 0.54(1) 61 50838.37(4) 0.56(4)
50819.01(3) 0.87(1) 50838.71(3) 0.21(4)

48 50819.59(3) 0.59(2) 62 50839.39(8) 0.51(9)
50820.59(2) 0.10(1) 50839.69(5) 0.19(5)

49 50821.66(2) 0.55(1) 63 50840.30(8) 0.52(9)
50822.21(2) 0.26(1) 50840.58(2) 0.20(3)

50 50823.50(1) 0.57(1) 50841.42(3) 0.24(3)

∞ 50868.41(2)stat. (11)sys.

method. These deviations are well within the 73 cm−1 statisti-
cal uncertainty of the threshold approach for the case of Th+.

C. Field ionization and time-of-flight

Rydberg states are especially sensitive to external electrical
fields. Without the shielding wire grid in front of the S-RFQ,
the Rydberg states split due to the trapping RF field. The RFQ
ion guide operates at a frequency of 1 MHz and a typical
peak-to-peak amplitude of 340 V. The splitting is observed
as a broadening of the Rydberg states to a FWHM of about
0.5 cm−1. Ignoring the Stark splitting, a Rydberg state with
effective quantum number n∗ is ionized by an electric field F
when [43]

F � 3.214×108

(n∗)4
V cm−1. (3)

The lowest identified Rydberg state has an n∗ = 43.44 and
would require at least F = 90 V cm−1. The grounded shield-
ing grid ensures that electric fields of this strength are present
only between it and the RFQ, localizing the field ionization to
a 10 mm region.

To fully conclude where and by which mechanism ioniza-
tion occurs, time-of-flight measurements were performed in
the gas jet. By applying a dc voltage on the shielding grid and

FIG. 9. Top: Convergence of the identified Rydberg series (red)
to EIP1 . Bottom: the quantum defect δ with respect to the assigned
principal quantum number n for all 49 peaks. The identified series is
denoted in red with three of its members (n = 56, 57, 58, in maroon)
being perturbed by an interfering state at n = 57. These three peaks
were not taken into consideration for the convergence. Other partial
series and miscellaneous peaks are colored in green.

on the RFQ electrodes, ions in the gas jet are subjected to an
acceleration on top of their initial gas-jet velocity. The atoms,
however, remain unaffected by the field. The arrival times
of the ions originating from the most intense Rydberg state
(n = 59) and those from the found AI state at 50 871.3 cm−1

were compared. Photoions from the AI state will result in
the fastest possible travel time as they are ionized promptly
(<ns). By overlapping the two lasers beams in a well local-
ized small region of the gas jet, one can then establish the
ionization region and ionization mechanism of the Rydberg
atoms. Using a time-to-digital converter (TDC) module (512
channels, 4 ns maximum resolution), two sets of time-of-flight
measurements were performed with the lasers at a repetition
rate of 500 Hz The TDC was triggered into the falling edge of
the TTL pulse firing the step-one laser.

In the first measurements, the shielding grid was removed
and an offset dc bias was applied on the entrance electrodes
of the S-RFQ. To ensure transport through the RFQ system,
the voltage on the remaining segmented rod electrodes was
increased so that the dragging field could be kept constant.
The lasers were overlapped with the gas jet in two different
positions along the gas jet axis: one close to the nozzle exit
plane, which we assigned as the origin (i.e., 0 mm), and one
near the end of the gas jet at a distance of 56 mm. When
no voltage was applied, the Rydberg and AI photoions were
indistinguishable from each other. In the case of −60 V bias,
the time profiles separate (see Fig. 10), showing that the
Rydberg atoms are not promptly ionized in the gas jet. The
photoions originating from the ionization through the AI state
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FIG. 10. Top: Time profiles of the different photoions close to
(a) and far from (b) the nozzle exit plane without a shielding grid in
front of the S-RFQ. A voltage of −60 V was applied on the first
S-RFQ electrodes, revealing different time structures for the ions
originating from the AI and from the n = 59 Rydberg state. Time
is measured relative to the TDC trigger at 0 µs. Bottom: Time of
flight when the shielding grid is installed. Three different voltages
are applied on the grid. The dashed line indicates the arrival time
of the ions when no voltage is applied. At a voltage of −60 V (e),
two components can be distinguished. The fast component originates
from the one-color, two-step background, and the slow components
are the Rydberg atoms.

are almost unaffected by the position of the ionization region
along the jet as the voltage imparts a large acceleration on
the ions. The slower and wider time structure exhibited by the
Rydberg atoms at 0 mm and −60 V points to a more dispersed
ionization region in the gas jet.

In a second set of measurements, the shielding grid was
reinstalled. An identical bias voltage was applied on the grid
and on the entrance segments of the RFQ electrodes. The dc
dragging fields were adjusted accordingly. The lasers were
both overlapped again in a transverse geometry in the gas jet
close to the nozzle exit plane. Three different measurements
are shown in Fig. 10. The results reveal the existence of
two time components contributing to the time structure when
probing the Rydberg transition. A fast component seen at
−60 V, nearly following the autoionized atoms, was identi-
fied as being related to the one-color, two-step background.
The slow component overlaps perfectly with the initial time
structure at 0 V once it is resolved from the fast component.
This confirms that most Rydberg atoms are ionized in a well-
defined region, unaffected by the dc gradient, i.e., between the
grid and S-RFQ. Hence, field ionization by the RFQ field is
the main mechanism by which the Rydberg atoms are ionized
in the gas jet. As the field-free travel times are around 120 µs,
one can thus assume that, for lower n, a significant fraction

FIG. 11. Top: Spectrum of 100 cm−1 when the first laser step
arrives 150 ns after the second laser step. Identified transitions are
annotated. Bottom: The four different processes that are observed in
the top spectrum. From left to right on the scheme: A reversal of
the order of the laser steps; a one-color, two-step transition coming
from the ground state; gas-induced quenching (denoted by the wavy
lines) from the excited state to lower lying states that are ionized
by a two-step transition; and part of the population residing in an
excited state that gets ionized via a one-color, two-step process.
Identification of these states is purely based on the exact wavelengths
of the transitions and on the laser steps that were involved.

of the Rydberg states are deexciting during their hypersonic
travel. To use field ionization of Rydberg states as an efficient
ionization mechanism in the gas jet, it might be preferable to
remove the shielding of the S-RFQ or to introduce an extra
field. These avenues are currently being explored.

D. Dark states

The appearance of many transitions below the IP1 when
scanning in the gas cell greatly complicated the spectrum,
making it impossible to identify any Rydberg series. To bet-
ter understand the underlying origin, the population of the
metastable states was investigated. By overlapping the laser
steps in the gas cell through a 5 mm entrance window, each
atom interacts with successive laser pulses about five times
due to the low velocity of the gas. By delaying the first step
in time such that it arrived 150 ns after the second step, short-
lived states were allowed to decay revealing any possible dark
states. Due to the repetition rate of 7 kHz, the decay time was
limited to about ∼140 µs.

The resulting spectrum and associated level scheme are
shown in Fig. 11. The power of the lasers was set to 0.5 mW
for the first step and 260 mW for the second step. The scheme
was composed using known transitions from spectrometer
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FIG. 12. Hyperfine spectrum of neutral 229Th measured in the
gas jet. The HFS consists of 13 individual peaks. Because of the low
statistics, the Racah intensities as well as the A and B HFS parameters
were kept fixed. The literature values of A and B are found in [46].

measurements [30,44] and with help from the NIST Database
[31]. An interesting observation is the one-color, two-step
transition (3P0 → 1o) that is observed starting from the ex-
cited 3P0 state. This is the lowest known excited state in
thorium at an energy of 2558.06 cm−1. The observation of
this transition (without the first step) indicates that a sizable
population is present in this state, probably populated after the
ablation process. It is reasonable to assume that the thorium
recoils could also end up in similar states. The high density of
levels in a three or four valence electron system can signifi-
cantly affect the laser ionization efficiency in gas cells. This is
seen, for example, in Fig. 8, where the intensity of the AI state
is significantly reduced in the gas cell. Complicated spectra
originating from many populated lower states were also en-
countered in spectroscopic studies of protactinium [45].

E. Narrowband spectroscopy of 229Th

After the unsuccessful attempt at laser spectroscopy of
229Th+, a spectrum on neutral 229Th (Fig. 12) was taken
with a narrowband laser system in the gas jet using the 233U
recoil sources. Although the gas cell is optimized for the
fast extraction of ionic species, a low signal of laser-ionized
229Th could be observed with a rate of about 1 count/s, well
above the dark count noise of the CEM employed for ion
detection. This was achieved by blocking the ions from the
alpha decay using the collector electrodes in the gas cell. The
6d27s2 3F2 →(Jπ = 2o) ground-state transition at 382.947 nm
was used as the excitation step, and the 403.909 nm transi-
tion to an AI state was used for ionization (see the scheme
in Fig. 8). Both laser steps were overlapped in a transverse
geometry to the gas jet using a beamsplitter. To increase the
duty cycle of the laser steps, a repetition rate of 10 kHz was
used together with two prisms. These prisms reflect the lasers
up to eight times back into the gas jet (see Fig. 1).

Each point was measured for 300 s with a laser power
of 7 mW in the first step and 1.4 W in the second step.
A hyperfine spectrum consisting of Voigt peaks and fixed
hyperfine constants was fitted to the narrowband spectrum.
Only the centroid positions and Gaussian contribution to the
FWHM were left as free variables. The hyperfine parameters
were taken from [46]. A FWHM of 240(30) MHz could be

obtained, corresponding to a jet temperature T ∼ 10 K and
demonstrating the foreseen performance of the gas jet envi-
ronment as characterized in [25]. This resolution is sufficient
to discern the isomeric state from the ground state in 229Th+

[19]. The centroid was determined to be 26 113.910(3) cm−1.

VI. ATOMIC STRUCTURE CALCULATIONS

A. LS composition of the lowest levels in Th

A first set of atomic structure calculations was carried out
in order to classify the lowest energy levels of Th, paying
particular attention to the odd-parity level at 26 113.27 cm−1

(J = 2), which is the intermediate level used in the two-
step scheme from the 6d27s2 3F2 ground state chosen in
our laser spectroscopy study of neutral thorium described in
Sec. V. The pseudorelativistic Hartree-Fock (HFR) method,
originally developed in Ref. [47] and modified to include core-
polarization effects, giving rise to the so-called HFR + CPOL
approach, as described by [48,49], was used in the present
work. The 6d27s2, 6d37s, 6d4, 5 f 6d27p even configurations
and the 5 f 6d7s2, 6d27s7p, 6d37p, 6d7s27p, 5 f 6d27s odd
configurations were explicitly included in the physical model,
while the core-polarization corrections were estimated using
a dipole polarizability, αd , equal to 10.26 a3

0 (taken from [50]
for a Th4+ ionic core) and a cutoff radius, rc, equal to 1.88 a0

[which corresponds to the mean value of r for the outermost
core orbital (6p), as obtained from our HFR calculations]. A
least-squares adjustment of the radial parameters was then
performed in order to minimize the differences between the
HFR + CPOL energy levels and the available experimental
values in both parities taken from the NIST compilation [31].
In a first step, only the levels below 20 000 cm−1 were con-
sidered in the fitting process in each of the parities because,
beyond this limit, it was extremely complicated to make a
trustworthy correspondence between calculated and experi-
mental levels.

As mentioned above, the odd level at 26 113.27 cm−1

(J = 2) used as an intermediate state in the two-step scheme
was particularly difficult to find in the HFR+CPOL calcula-
tions because it is located in a region where many levels have
extremely large mixtures, so that different computed levels
were likely to correspond to this specific state. To identify
the corresponding level in the HFR+CPOL calculations, we
looked for the one that gave a Landé factor in good agree-
ment with the experimental value taken from NIST [31],
i.e., g = 0.980, and whose calculated transition probabilities
best reproduced the intensities observed for the main lines
depopulating the level at 26 113.27 cm−1, also taken from
the NIST database. Among the nine levels appearing in the
energy range between 24 000 and 28 000 cm−1 in the J = 2
Hamiltonian matrix of odd parity, a final fitted level appearing
at 26 283 cm−1 could then be identified in calculations as
corresponding to the experimental level at 26 113.27 cm−1

when the latter was included in the fit in a second step. In-
deed, only this theoretical level gave a calculated Landé factor
(g= 0.944) in good agreement with the experimental value
and transition probabilities (gA) that could qualitatively repro-
duce the measured intensities (I) for the lines depopulating
the level at 26 113.27 cm−1 towards lower even-parity levels
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TABLE III. Final fitted radial parameters (in cm−1) in Th and
their corresponding HFR+CPOL values. All the remaining Slater
and spin-orbit parameters have been fixed to 70% and 100%, respec-
tively, of their HFR+CPOL values.

Configuration Parameter HFR Fit Fit/HFR

Even parity
6d27s2 Eav 8826.9 7366.4 0.83

F 2(6d, 6d) 34346.3 20380.4 0.59
F 4(6d, 6d) 22698.6 13755.8 0.61
α 0.0 0.6
β 0.0 137.1
ζ (6d) 1672.7 1319.2 0.79

6d37s Eav 17782.2 18440.5 1.04
F 2(6d, 6d) 32583.0 21167.1 0.65
F 4(6d, 6d) 21398.6 14470.1 0.68
α 0.0 5.3
β 0.0 –993.0
ζ (6d) 1528.9 1316.2 0.86
G2(6d, 7s) 18890.3 12586.1 0.67
R2(6d, 7s; 6d, 6d) –22709.4 –13056.4 0.57

Odd parity
5 f 6d7s2 Eav 20477.1 16202.8 0.79

ζ (5 f ) 1276.1 987.3 0.77
ζ (6d) 1376.7 1155.4 0.84
F 2(5 f , 6d) 26379.3 21254.9 0.81
F 4(5 f , 6d) 14609.7 20438.9 1.40
G1(5 f , 6d) 19521.7 13884.8 0.71
G3(5 f , 6d) 13462.9 13432.1 1.00
G5(5 f , 6d) 9833.1 6556.9 0.67

6d27s7p Eav 29067.4 33661.0 1.16
F 2(6d, 6d) 35501.9 29172.7 0.82
F 4(6d, 6d) 23559.7 12837.9 0.55
α 0 584.0
β 0 –816.5
ζ (6d) 1770.4 1435.6 0.81
ζ (7p) 2677.8 3367.4 1.26
F 2(6d, 7p) 14586.0 9289.6 0.64
G2(6d, 7s) 19142.1 11009.6 0.58
G1(6d, 7p) 8712.7 7835.7 0.90
G3(6d, 7p) 6321.7 6834.2 1.08
G1(7s, 7p) 21370.0 17073.8 0.80

6d37p Eav 38534.6 38346.4 1.00
6d7s27p Eav 23127.4 23833.7 1.03
5 f 6d27s Eav 31643.7 30962.7 0.99

F 2(6d, 6d) 29656.7 31959.1 1.08
F 4(6d, 6d) 19319.4 13959.7 0.72
α 0 526.7
β 0 842.8
ζ (5 f ) 1243.1 999.0 0.80
ζ (6d) 1235.5 881.4 0.71
F 2(5 f , 6d) 24815.4 21334.1 0.86
F 4(5 f , 6d) 13681.7 22014.6 1.61

5 f 6d27s G1(5 f , 6d) 18854.4 13325.5 0.71
G3(5 f , 6d) 12780.9 12011.8 0.94
G5(5 f , 6d) 9273.4 12518.5 1.35
G3(5 f , 7s) 4374.3 6768.5 1.55
G2(6d, 7s) 19055.9 12662.6 0.66
R1(5 f , 7s; 5 f , 7p) –14537.0 –10068.4 0.69
R2(5 f , 7s; 5 f , 7p) –3553.0 –3834.6 1.08
R2(5 f , 7s; 5 f , 6d) –10488.1 –5795.8 0.55

TABLE III. (Continued.)

Configuration Parameter HFR Fit Fit/HFR

R3(5 f , 7s; 5 f , 6d) –3387.0 –4198.4 1.24
R2(6d, 7s; 6d, 6d) –22174.1 –13684.5 0.62
R1(6d, 7p; 5 f , 6d) 10243.6 6493.4 0.63
R3(6d, 7p; 5 f , 6d) 4594.3 2912.4 0.63
R2(6d, 7p; 5 f , 6d) 2474.7 1568.6 0.63
R4(6d, 7p; 5 f , 6d) 1937.7 1228.6 0.63

at 0 cm−1 (gA = 7.38×107 s−1, I = 14 000), at 3687.99 cm−1

(gA = 4.92×107 s−1, I = 4000), and at 6362.40 cm−1 (gA =
1.57×107 s−1, I = 600). Finally, this led us to find that
the level of interest at 26 113.27 cm−1 is in fact extremely
mixed since, according to our calculations, the first three
main LS-coupling components are 8.8% 6d27s7p (1D)3F +
8.1% 6d37p (4F )3F + 7.9% 5 f 6d27s (1D)3D. More broadly,
it is worth pointing out that, for this specific level, the
(slightly) dominant configuration seems to be 6d27s7p, with
the HFR+CPOL calculations actually giving 35.8% 6d27s7p
+ 31.8% 5 f 6d27s + 24.2% 6d37p + 5.1% 6d7s27p + 3.1%
5 f 6d7s2 when summing all the basis state contributions for
each electronic configuration. This designation is also justified
by the fact that the most intense transition depopulating the
level at 26 113.27 cm−1 is, according to [31], the transition
to the 6d27s2 3F2 ground level, which our calculations con-
firm since the HFR+CPOL electric dipole matrix element
〈7s||r||7p〉 between the 6d27s2 and 6d27s7p configurations
is the largest one. For the levels below 20 000 cm−1, the mean
deviations were found to be equal to 105 and 142 cm−1 for the
even and odd parities, respectively. The final fitted parameters
are given in Table III while the calculated energy levels are
compared to experimental data in Table IV. In the latter table,
the LS-coupling compositions are also listed, showing very
strong mixtures in many cases.

B. IP1 and IP2

A second set of atomic calculations was undertaken to
calculate the ionization potentials (IP1 and IP2) of tho-
rium. In this case, the fully relativistic multiconfiguration
Dirac-Hartree-Fock (MCDHF) method [51] was used as im-
plemented in the latest version of the General Relativistic
Atomic Structure Program (GRASP), namely GRASP2018
[52]. To estimate the ground-state levels in Th, Th+, and Th2+

as accurately as possible, we began the calculations by consid-
ering the following multireferences (MR): 6d27s2, 6d37s, 6d4,
5 f 2 6d 7s, 5 f 26d2, 5 f 27s2, 5 f 6d27p, 5 f 6d 7s 7p, 5 f 7s27p
for Th, 6d27s, 6d7s2, 6d3, 5 f 27s, 5 f 2 6d , 5 f 6d 7p, 5 f 7s 7p
for Th+, and 5 f 6d , 5 f 7s, 6d 7p, 7s 7p for Th2+.

For Th and Th+, we considered the same core orbitals
optimized on the ground-state level of Th (6d27s2 3F2) in
order to enforce the relaxation of the core orbitals in Th+.
The 7s, 7p, 6d , and 5 f valence orbitals were then optimized
on the ground levels separately for Th (6d27s2 3F2) and Th+

(6d27s 4F3/2) with the optimal level (OL) method [51], where
254 and 52 configuration state functions (CSFs) were gener-
ated from each MR, respectively. For Th2+, we started with
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TABLE IV. Lowest energy levels of Th with their respective LS compositions (only the first three components are given), as computed in
the present work using the semiempirical HFR+CPOL approach. The experimental values are taken from the NIST database [31]. All energies
are given in cm−1.

Eexp Ecal �E J LS composition

Even parity
0.00 0 0 2 81.8% 6d27s2 (3F ) 3F 11.1% 6d27s2 (1D) 1D 2.1% 6d37s (2F ) 3F
2558.06 2439 119 0 68.8% 6d27s2 (3P) 3P 18.9% 6d37s (2P) 3P 5.0% 6d4 (3P) 3P
2869.26 2775 94 3 93.4% 6d27s2 (3F ) 3F 3.4% 6d37s (2F ) 3F 2.7% 6d4 (3F ) 3F
3687.99 3741 –53 2 45.0% 6d27s2 (3P) 3P 18.7% 6d27s2 (1D) 1D 15.8% 6d37s (2P) 3P
3865.47 3666 199 1 67.9% 6d27s2 (3P) 3P 22.7% 6d37s (2P) 3P 4.5% 6d4 (3P) 3P
4961.66 4794 168 4 80.5% 6d27s2 (3F ) 3F 11.2% 6d27s2 (1G) 1G 3.9% 6d37s (2F ) 3F
5563.14 5448 115 1 88.6% 6d37s (4F ) 5F 4.8% 6d37s (2D) 3D 2.4% 6d37s (2D) 3D
6362.40 6299 63 2 89.8% 6d37s (4F ) 5F 3.7% 6d37s (2D) 3D 1.5% 6d37s (2D) 3D
7280.12 7452 –172 2 51.2% 6d27s2 (1D) 1D 19.0% 6d27s2 (3P) 3P 9.3% 6d37s (2P) 3P
7502.29 7502 0 3 93.4% 6d37s (4F ) 5F 1.8% 6d37s (2D) 3D 0.9% 6d37s (2G) 3G
8111.00 8146 −35 4 66.4% 6d27s2 (1G) 1G 11.5% 6d37s (2G) 1G 8.7% 6d27s2 (3F ) 3F
8800.25 8847 −46 4 84.1% 6d37s (4F ) 5F 5.2% 6d27s2 (1G) 1G 5.0% 6d37s (2G) 3G
9804.81 9921 −116 5 79.9% 6d37s (4F ) 5F 15.9% 6d37s (2G) 3G 1.2% 6d37s (2H ) 3H
11601.03 11503 98 1 89.3% 6d37s (4P) 5P 4.8% 6d27s2 (3P) 3P 2.5% 6d37s (2P) 3P
11802.93 11798 5 2 75.3% 6d37s (4P) 5P 11.0% 6d27s2 (3P) 3P 3.4% 6d37s (2P) 3P
12847.97 12822 26 3 73.2% 6d37s (2G) 3G 7.5% 6d37s (4P) 5P 7.3% 6d37s (4F ) 3F
13088.56 13131 −42 3 85.4% 6d37s (4P) 5P 7.8% 6d37s (2G) 3G 2.5% 6d37s (2D) 3D
13297.43 13193 104 4 55.0% 6d37s (2G) 3G 30.5% 6d37s (2H ) 3H 4.9% 6d37s (4F ) 5F
13847.77 13946 −98 2 54.3% 6d37s (4F ) 3F 9.7% 6d37s (2D) 3D 8.2% 6d37s (4P) 5P
13962.52 14231 −268 1 36.5% 6d37s (2D) 3D 13.3% 6d37s (4P) 3P 11.9% 6d37s (2P) 1P
14204.26 14244 −39 5 42.7% 6d37s (2H ) 3H 35.7% 6d37s (2G) 3G 13.6% 6d37s (4F ) 5F
14226.82 14250 −23 0 24.5% 6d37s (2P) 3P 24.4% 6d37s (4P) 3P 17.8% 6d27s2 (1S) 1S
15493.22 15412 81 4 52.3% 6d37s (2H ) 3H 24.0% 6d37s (2G) 3G 8.0% 6d37s (2G) 1G
15863.89 16043 −179 2 47.1% 6d37s (2D) 3D 18.0% 6d37s (4F ) 3F 6.7% 6d37s (2D) 3D
15970.09 16050 −80 3 38.2% 6d37s (2D) 3D 35.3% 6d37s (4F ) 3F 7.0% 6d37s (2G) 3G
16351.94 16484 −132 0 57.5% 6d27s2 (1S) 1S 11.1% 6d37s (4P) 3P 7.0% 6d4 (3P) 3P
16554.24 16614 −59 6 94.8% 6d37s (2H ) 3H 2.8% 6d4 (3H) 3H 0.8% 5 f 6d27p (3F ) 3H
17073.81 16861 213 1 32.3% 6d37s (4P) 3P 22.7% 6d37s (2D) 3D 15.5% 6d4 (3P) 3P
17166.10 17193 −27 5 49.9% 6d37s (2H ) 3H 37.5% 6d37s (2G) 3G 4.1% 6d37s (4F ) 5F
17398.40 17384 15 3 41.7% 6d37s (2D) 3D 32.9% 6d37s (4F ) 3F 5.7% 6d4 (3F ) 3F
17959.89 17874 86 4 58.0% 6d37s (4F ) 3F 16.1% 6d37s (2G) 1G 9.3% 6d4 (3F ) 3F
18549.40 18440 109 2 59.9% 6d37s (4P) 3P 18.3% 6d4 (3P) 3P 6.6% 6d37s (2F ) 3F
18574.61 18689 −114 1 47.3% 6d37s (2P) 3P 23.5% 6d37s (2P) 1P 13.0% 6d27s2 (3P) 3P
19273.28 18913 360 2 26.5% 6d37s (2D) 1D 23.9% 6d37s (2P) 3P 8.3% 6d37s (2D) 3D
19532.42 19361 171 4 56.3% 6d37s (2F ) 3F 10.5% 6d37s (2G) 1G 7.4% 6d4 (3F ) 3F
19713.03 19991 −278 3 70.8% 6d37s (2F ) 3F 11.8% 6d37s (4F ) 3F 3.7% 6d37s (2D) 3D
7795.27 7832 −37 4 63.2% 5 f 6d7s2 (2F ) 3H 28.8% 5 f 6d7s2 (2F ) 1G 3.6% 5 f 6d27s (1D) 3H
8243.60 8245 −1 2 52.3% 5 f 6d7s2 (2F ) 3F 28.0% 5 f 6d7s2 (2F ) 1D 8.1% 6d7s27p (2D) 3F
10414.14 10346 68 4 52.6% 5 f 6d7s2 (2F ) 1G 29.0% 5 f 6d7s2 (2F ) 3H 11.0% 5 f 6d7s2 (2F ) 3F
10526.54 10508 19 3 70.7% 5 f 6d7s2 (2F ) 3G 9.4% 5 f 6d7s2 (2F ) 3F 7.7% 5 f 6d7s2 (2F ) 1F
10783.15 10623 160 2 34.6% 6d7s27p (2D) 3F 13.1% 6d7s27p (2D) 1D 11.8% 6d27s7p (1D) 3F
11197.03 11210 −13 5 91.4% 5 f 6d7s2 (2F ) 3H 6.7% 5 f 6d27s (1D) 3H 1.0% 5 f 6d27s (3F ) 3H
11241.73 11389 −147 3 76.7% 5 f 6d7s2 (2F ) 3F 9.2% 5 f 6d7s2 (2F ) 3G 5.8% 6d7s27p (2D) 3F
11877.84 11841 36 1 39.4% 5 f 6d7s2 (2F ) 3D 25.9% 6d7s27p (2D) 3D 5.3% 6d7s27p (2D) 1P
12114.37 12124 −10 2 36.3% 5 f 6d7s2 (2F ) 1D 32.1% 5 f 6d7s2 (2F ) 3F 9.1% 5 f 6d7s2 (2F ) 3D
13175.11 13101 74 4 79.0% 5 f 6d7s2 (2F ) 3G 9.1% 5 f 6d7s2 (2F ) 3F 5.1% 6d27s7p (3F ) 3G
13945.31 14134 −189 3 26.0% 5 f 6d7s2 (2F ) 3D 13.7% 6d7s27p (2D) 3F 10.8% 5 f 6d7s2 (2F ) 1F
14032.08 14042 −10 2 39.1% 5 f 6d7s2 (2F ) 3D 11.7% 6d7s27p (2D) 3D 10.8% 6d7s27p (2D) 3P
14206.92 14165 42 4 66.5% 5 f 6d7s2 (2F ) 3F 14.3% 5 f 6d7s2 (2F ) 1G 6.6% 5 f 6d7s2 (2F ) 3G
14243.99 14167 77 1 25.0% 5 f 6d7s2 (2F ) 3D 22.5% 6d7s27p (2D) 3P 21.0% 5 f 6d7s2 (2F ) 3P
14247.31 14407 −160 0 38.9% 5 f 6d7s2 (2F ) 3P 30.3% 6d7s27p (2D) 3P 12.6% 5 f 6d27s (1D) 3P
14465.22 14907 −442 2 14.6% 5 f 6d7s2 (2F ) 3D 13.1% 5 f 6d7s2 (2F ) 1D 8.5% 6d7s27p (2D) 3P
14481.87 14306 176 6 90.5% 5 f 6d7s2 (2F ) 3H 7.6% 5 f 6d27s (1D) 3H 1.2% 5 f 6d27s (3F ) 3H
15166.90 15062 105 3 24.2% 6d7s27p (3D) 3F 23.7% 5 f 6d7s2 (2F ) 3D 12.5% 6d27s7p (1D) 3F
15490.08 15476 14 5 84.2% 5 f 6d7s2 (2F ) 3G 6.1% 6d27s7p (3F ) 3G 4.0% 5 f 6d27s (1D) 3G
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TABLE IV. (Continued.)

Eexp Ecal �E J LS composition

15618.98 15882 −263 3 71.1% 5 f 6d27s (3F ) 5H 19.8% 5 f 6d27s (3F ) 3G 3.0% 5 f 6d27s (1D) 3G
15736.97 15481 256 1 38.4% 6d7s27p (2D) 3D 16.2% 5 f 6d7s2 (2F ) 3D 9.9% 5 f 6d7s2 (2F ) 3P
16217.48 16531 −313 2 35.7% 6d27s7p (3F ) 5G 9.0% 5 f 6d7s2 (2F ) 3P 7.5% 6d7s27p (2D) 3P
16346.65 16494 −148 4 72.3% 5 f 6d27s (3F ) 5F 11.9% 5 f 6d227s (3F ) 5H 6.0% 5 f 6d27s (3F ) 3G
16783.85 16829 −45 4 47.5% 5 f 6d27s (3F ) 5H 22.4% 5 f 6d27s (3F ) 5I 19.0% 5 f 6d27s (3F ) 3G
17224.30 17121 103 2 11.9% 6d7s27p (2D) 3D 11.3% 6d27s7p (3F ) 5G 9.4% 6d7s27p (2D) 1D
17354.64 17169 186 1 39.8% 6d27s7p (3F ) 5F 34.8% 5 f 6d27s (3F ) 5F 7.0% 5 f 6d27s (3P) 5F
17411.22 17983 −572 3 34.8% 6d27s7p (3F ) 5G 18.8% 5 f 6d27s (3F ) 5G 7.2% 6d37p (4F ) 5G
17501.18 17617 −116 5 69.7% 5 f 6d27s (3F ) 5I 9.3% 5 f 6d27s (3F ) 3G 7.1% 5 f 6d27s (3F ) 5H
17847.08 17959 −112 2 24.7% 6d7s27p (2D) 3D 17.3% 5 f 6d7s2 (2F ) 3P 9.3% 6d7s27p (2D) 3D
18011.38 18002 9 5 34.1% 5 f 6d27s (3F ) 5H 27.2% 5 f 6d27s (3F ) 3G 23.7% 5 f 6d27s (3F ) 5I
18053.62 18758 −704 4 32.3% 6d7s27p (2D) 3F 23.4% 6d27s7p (1D) 3F 18.6% 6d27s7p (3F ) 5G
18069.07 18014 55 3 36.6% 5 f 6d7s2 (2F ) 1F 22.0% 5 f 6d7s2 (2F ) 3D 9.2% 6d7s27p (2D) 1F
18382.83 18299 84 0 28.5% 5 f 6d27s (3F ) 5D 16.0% 6d27s7p (3P) 5D 14.3% 5 f 6d27s (3P) 5D
18614.34 18544 70 1 22.2% 5 f 6d27s (3F ) 5D 12.1% 5 f 6d27s (3F ) 3S 1.0% 6d37p (2P) 1P
18809.89 18909 −99 4 30.6% 5 f 6d27s (3F ) 5H 23.7% 5 f 6d27s (3F ) 3G 10.0% 5 f 6d27s (3F ) 5G
18930.29 18952 −22 3 24.4% 5 f 6d27s (3F ) 5F 20.0% 6d27s7p (3F ) 5F 17.4% 5 f 6d27s (3F ) 3G
19039.15 18831 208 2 23.2% 5 f 6d27s (3F ) 5G 22.6% 6d37p (4F ) 5G 21.8% 6d27s7p (3F ) 5G
19227.34 19159 68 6 94.3% 5 f 6d27s (3F ) 5I 2.0% 5 f 6d27s (3F ) 3I 1.4% 5 f 6d27s (3F ) 3I
19503.14 19352 151 3 17.8% 6d7s27p (2D) 3D 13.4% 6d27s7p (3F ) 5G 6.4% 5 f 6d27s (3F ) 3G
19516.98 19579 –62 2 29.7% 5 f 6d27s (3F ) 5D 19.8% 5 f 6d27s (3P) 5D 9.0% 6d27s7p (3P) 5D
19588.36 19401 187 5 54.1% 5 f 6d27s (3F ) 5H 22.8% 5 f 6d27s (3F ) 3G 9.0% 5 f 6d27s (3P) 3G
19817.18 19246 571 1 21.4% 5 f 6d7s2 (2F ) 3P 13.5% 6d27s7p (3P) 5P 11.2% 6d7s27p (2D) 3P
19948.40 19827 121 4 21.9% 5 f 6d27s (3F ) 5F 19.0% 6d27s7p (3F ) 5G 16.7% 6d27s7p (3F ) 5F
19986.17 20166 –180 6 94.8% 5 f 6d27s (3F ) 5H 1.1% 5 f 6d27s (3F ) 3H 1.1% 5 f 6d27s (3F ) 3H

the optimization of all orbitals using the ground-state level
only (5 f 6d 3H4), and the 7s, 7p, 6d , and 5 f orbitals were
then optimized on the ground-state level with the OL method
where the six MR CSFs were generated.

In the next computational steps, valence-valence interac-
tions were treated through single and double substitutions
from the reference orbitals (7s, 7p, 6d, 5 f ) to correlation or-
bitals belonging to different active sets (AS) listed in Table V.
These sets were chosen in such a way that more and more
orbitals with increasing n-values were considered until con-
vergence was achieved on both IP1 and IP2. For each AS, the

TABLE V. Ionization potentials (in cm−1) of Th (IP1) and Th+

(IP2) as computed in the present work using the MCDHF method.
Each active set (AS) is denoted by {nl , n′l ′, . . . }, where n, n′, . . .
represent the maximum values of the principal quantum number for
the different orbitals. Experimental values, also deduced from the
present work, are given for comparison along with the theoretical
MCDHF/DC+B PP values from [53].

Active set IP1 IP2

MR 44676.0 99716.8
{7s, 7p, 6d, 5 f , 5g} 49674.7 97330.5
{7s, 7p,6(d–h)} 49863.9 98782.8
{7(s–h)} 50026.4 98899.4
{8(s–h)} 50817.6 99349.5
{9(s–h)} 50884.0 99384.1
{10(s–h)} 50896.2 99390.8
Experiment 50868.41(11) 99207(73)
MCDHF/DC+B PP [53] 50813 100093

new correlation orbitals were optimized on the ground-state
level by freezing the orbitals already optimized in the previous
AS. The results obtained in our calculations are given in
Table V where we can note that the last AS, i.e., {10(s–h)},
allowed us to obtain theoretical results in very good agreement
with the experimental ionization potentials measured in the
present work, i.e., a relative difference between calculations
and experiment of 0.06% and 0.19% for IP1 and IP2, re-
spectively. We actually observed that both IP1 and IP2 final
results reproduce the experiment better when using the above
optimization procedure for the core orbitals and, therefore, the
core relaxation effects on the IPs.

It is interesting to note that the values considered to be
the best computed by [53], namely those obtained using
the multiconfiguration Dirac-Hartree-Fock method based on
a Dirac-Coulomb Hamiltonian with a perturbative treatment
of the Breit interaction and a relativistic small-core pseu-
dopotential (MCDHF/DC+B PP), were EIP1 = 50 813 cm−1

and EIP2 = 100 093 cm−1. These two IP values [53] show a
slightly larger discrepancy with respect to the experimental
values (0.11% and 0.89%, respectively) than our theoretical
results.

VII. CONCLUSION AND DISCUSSION

A level search in the vicinity of the IP2 of thorium was
conducted and presented with the initial aim of developing
an efficient laser ionization scheme of Th+ to be used for
the study of 229mTh+. The Th+ level search was performed
with 232Th in an argon-filled gas cell where a natural metal-
lic Th foil was laser-ablated. It produced a complicated,
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convoluted spectrum influenced by gas-induced quenching
effects. Differences in background and peak width of the ob-
served resonances allowed for the use of a threshold approach
to extract IP2. A value of 12.300(9) eV [99 207(73) cm−1]
was found for IP2, presenting a 22-fold improvement over the
previous value. This improved value helped the identification
of several autoionizing states of which the most efficient was
found at 99 766.87(22) cm−1 with an efficiency of at least
1.2%. Additionally, ionization efficiency of up to 3.4(5)%
was achieved by utilizing transitions originating from states
populated by collisional de-excitation. In the latter case, such
resonances could be used for gas-cell-based laser ionization.

To evaluate the accuracy of the threshold approach, a sim-
ilar level search around IP1 was performed, both in-gas-cell
and in-gas-jet. Spectroscopy in the near collision-free gas jet
environment revealed a clear Rydberg structure consisting of
several (partial) Rydberg series. Rydberg-Ritz analysis of the
most complete series converged to an IP1 of 6.306 879(14) eV
[50 868.41(11) cm−1], presenting a ninefold reduction in un-
certainty compared to the literature [38]. Hence the first
demonstration of in-gas-jet laser ionization via Rydberg states
could be reported. Time-of-flight measurements showed that
these Rydberg states are field-ionized in the S-RFQ.

Atomic structure calculations using the HFR+CPOL
method were performed using optimized radial parameters
for Th. This revealed that the J = 2 state at 26 113.27 cm−1

lies in an energy region with strongly mixed states. The
state was identified based on its Landé factor and transi-
tion probability. It is highly mixed, and its first three main
LS-coupling components are 8.8% 6d27s7p (1D)3F + 8.1%
6d37p (4F )3F +7.9% 5 f 6d27s (1D)3D. As the code cannot
reach high n values, extrapolation from the Rydberg states to
lower n states was attempted but did not allow for the identifi-
cation of the spectroscopic designation of the series. MCDHF
calculations were conducted to obtain the ground states of Th,
Th+, and Th2+. The final AS ({10(s − h)}) provides the best
theoretical values for IP1 and IP2 with a relative difference of
0.06% and 0.19% versus experiment, respectively.

We presented a dedicated fast-extraction gas cell equipped
with 233U alpha-recoil sources to demonstrate the existence
of the nuclear-clock isomer in the not-yet-observed singly
charged state. Extraction times to the gas jet of around
1 and 2.5 ms can be expected based on comsol Multiphysics

simulations for the two sources, which is below the cur-
rent upper boundary for the singly charged isomeric half-life
(10 ms [7]). Mass separation showed that most of the re-
coil ions end up in a singly charged state with count rates
of 1360 counts/s for 229Th+ and 500 counts/s for 229Th2+.
Despite this, no laser ionization signal of even the ground
state 229Th+ was observed. The recoil process and subsequent
charge-state quenching might leave a substantial fraction of
ions in (several) metastable states, making them unavailable
for the used laser ionization scheme. The occupation of these
dark states was observed in the gas jet for laser-ablated tho-
rium atoms. An unstable photoion signal was encountered
when laser ionizing 232Th+ in the gas jet, possibly due to the
multimode structure of the laser pulses, the electric field of the
RFQs, or influence of the lasers entering the gas cell, further
necessitating the conclusion of the project.

Future in-gas-jet work on the thorium isotopic chain is
planned at S3-LEB at GANIL. If in these planned studies the
neutralization proves to be inefficient, the ion could be consid-
ered for spectroscopy. The efficiency in the IGLIS technique,
and RIS techniques in general, can be limited by the ionization
step. In forseseen cases such as nobelium or silver, for which
no AI states are known, high laser powers are required to
efficiently ionize to the continuum. By using a high-lying
Rydberg state and subsequent field ionization in-gas-jet, cross
sections might get significantly higher.
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