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Sympathetic cooling of trapped Th3+ alpha-recoil ions for laser spectroscopy
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Sympathetic cooling of Th3+ ions is demonstrated in an experiment where 229Th and 230Th are extracted from
uranium recoil-ion sources and are confined in a linear Paul trap together with laser-cooled 88Sr+ ions. Because of
their similar charge-to-mass ratios the ions are closely coupled and arrange themselves into two-species Coulomb
crystals containing up to a few tens of Th3+ ions. To show the suitability of the sympathetically cooled Th3+

ions for high-resolution laser spectroscopy, the absolute frequencies and isotope shifts of 5F5/2 → 6D5/2 and
5F7/2 → 6D5/2 transitions of 230Th3+ are measured. The system is developed for hyperfine spectroscopy of
electronic transitions of nuclear ground and isomeric states in 229Th3+.
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I. INTRODUCTION

There is strong interest in laser spectroscopy of 229Th ions
because of the low-energy (8.3 eV) isomer [1,2] that exists
in this nucleus at a transition energy that is more typical for
resonances of valence electrons. This unique property of 229Th
ions makes them promising candidates for experimental stud-
ies of largely unexplored links between atomic and nuclear
physics like nuclear decay and excitation via electronic bridge
processes or bound internal conversion [3]. Being amenable to
resonant laser excitation, this nuclear transition is attractive
as a reference transition of an optical clock that combines
high accuracy with a strong sensitivity for some hypotheti-
cal effects of new physics beyond the standard model that
are now being sought in frequency comparisons of atomic
clocks [4–6]. The thorium ion in the 3+ charge state is consid-
ered the most promising candidate for such an optical nuclear
clock based on trapped and laser-cooled ions [7–9].

Trapping of 229Th ions in charge states 1+, 2+, and 3+
has been demonstrated with the ions produced in laser ab-
lation from a solid target [10–12], but the efficiency of this
method decreases substantially with increasing charge [13].
Since 229Th is radioactive (half-life of 7900 years) and scarce,
it is desirable to work with an ion source requiring only a min-
imal amount of substance. While ion-trapping experiments
with 229Th+ have been performed with a source containing
only 1014 nuclei, corresponding to activity below 1 kBq [12],
similar experiments with 229Th3+ have been reported only
with a source of approximately 100-kBq activity [10]. An
alternative and efficient approach to produce 229Th3+ is the
use of a thin layer of 233U that emits 229Th recoil ions in α

decay [14]. An additional advantage of the 229Th recoil-ion
source in comparison to laser ablation is that it also yields ions
in the isomeric state 229mTh, albeit only in a small proportion
of about 2% [15]. All studies of properties of the isomer to
date have made use of sources based on radioactive decay. The
thorium α-recoil ions are emitted with an initial kinetic energy

of up to 84 keV, and the most convenient method to dissipate
this energy is by collisions with helium in a buffer-gas cell at
room temperature at 103–104-Pa pressure [16]. In this process,
the 3+ charge state of thorium is the highest one that is stable
against charge exchange with He. In an ion trap coupled to
such a recoil-ion source via a de Laval nozzle, a Th3+ storage
time of about 100 s has been observed, limited by reactions of
the thorium ions with impurities in the buffer gas [14]. Longer
storage times and the application of laser cooling require a
more efficient separation of the ion trap from the buffer-gas
cell, for example, by multiple stages of differential pumping
or by a gate valve.

The level scheme of Th3+ is suitable for laser cooling [7],
although the available near-infrared resonance transitions
are relatively weak with calculated natural linewidths below
0.5 MHz [17,18]. This limits the effectiveness of laser cooling
in the initial stages after injection of the ions into the trap.
In the case of 229Th3+ with a nuclear spin I = 5/2, laser
cooling is additionally complicated by the complex hyperfine
structure, making it necessary to apply several repumping
wavelengths in order to avoid population trapping in sublevels
that are not coupled to the lasers [10].

The method of sympathetic cooling [19,20] of trapped ions
uses a combination of an ion species that is amenable to laser
cooling with an ion of interest that may not possess a suitable
electronic transition for fast cyclic laser excitation. Coupling
between both species is provided by the Coulomb interaction
and is particularly effective if a two-species Coulomb crystal
can be formed. In this way the benefits of laser cooling like
strong localization and reduced Doppler broadening become
accessible for practically every ion species whose charge-
to-mass ratio is not too different from one of the common
coolant ions. The method has already been used for ions of
different elements and charge states. For example, with tho-
rium ions produced by laser ablation, sympathetic cooling of
229Th3+ with the abundant isotope 232Th3+ has been success-
fully applied [10], and 232Th+ has been cooled with Ca+ [21].
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Sympathetic cooling of a doubly charged Ca2+ ion with
singly charged Ca+ has been demonstrated [22]. Coulomb
crystallization of highly charged 40Ar13+ ions has been ob-
tained by means of sympathetic cooling with laser-cooled
Be+ ions [23]. Extensive molecular-dynamics simulations of
sympathetic cooling in multispecies ensembles composed of
ions of different masses have been presented [24].

In this work we present an approach for precision spec-
troscopy of thorium ions by realizing the trapping of 229Th3+

and 230Th3+ (I = 0) α-recoil ions in a linear radio-frequency
trap in ultrahigh vacuum. The ions are cooled sympathetically
by laser-cooled 88Sr+ ions. This species was selected as the
coolant ion because of its convenient wavelengths and fast
cooling transitions. We use the combination of singly charged
and triply charged ions because their charge-to-mass ratios are
similar, so that the two species are closely coupled within the
same spatial region of the ion trap. As a result of the combi-
nation of buffer-gas cooling and subsequent sympathetic laser
cooling, the energy of the thorium ions is reduced by about 11
orders of magnitude from the recoil-ion source to the ion trap.

II. EXPERIMENTAL SETUP

The experimental apparatus consists of an ion beamline for
the production and guiding of thorium ions, a linear Paul trap,
and an optical setup. The ion beamline is used for loading
Th3+ ions into the Paul trap. The optical setup consists of
lasers for cooling Sr+ and for spectroscopy of Th3+. The
individual parts of the apparatus are described below.

A. Th recoil-ion beamline

To load the trap, the ions pass ion optics elements (see
Fig. 1) which provide bunching, mass selection, and guiding.
As sources for 229Th and 230Th, two individual thin layers,
one containing 10 kBq of 233U and one containing 10 kBq of
234U, are deposited on two silicon wafers over an area of 200
mm2 each. A 100-nm-thick layer of Ti is applied to each wafer
by sputtering, and the uranium layers are deposited on the Ti
by the molecular plating method [25]. Thorium α-recoil ions
are emitted with energies up to 84 keV and are decelerated in
high-purity (research grade 6.0) helium buffer gas at about
3200 Pa pressure. The buffer-gas stopping cell is based on
the design presented in [26], where the parameters of the cell
were extensively studied. A liquid-nitrogen trap and a heated
getter element are used additionally to purify the buffer gas.
Guiding of the ions emitted from the U source is provided
by a radio-frequency (rf) funnel [27] mounted in front of the
source. The rf electric field with a superimposed static field
is applied to the 29 convergent stacked ring electrodes of the
funnel. The amplitude of the rf voltage is ∼120 V at a driving
frequency of 780 kHz. The flow of the helium buffer gas in
combination with the static electric field extracts the recoil
ions from the source region through a de Laval nozzle into
the next section. The nozzle has a minimum diameter of 0.4
mm and a voltage of about 3.5 V is applied. After passing
the nozzle, the ions are accumulated in a rf quadrupole (RFQ)
consisting of eight segments. The RFQ has a total length of
226 mm. The distance between opposite rods is 9.6 mm, with
a rod diameter of 11 mm. The RFQ driving voltage amplitude
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FIG. 1. Overview of the experimental system for loading and
trapping of Th3+ ions. Th3+ ions are extracted from a uranium
source. In the subsequent rf quadrupole (RFQ) the ions are collected
in bunches and passed to the quadrupole mass filter (QMF). The
deflector redirects the ion beam 90◦ toward the ion trap. The octupole
ion guide and the trap focusing lens are used to inject the ions into
the trap. The trap segments are numbered from 1 to 5 starting from
the end-cap section opposite the octupole guide, and segment 6 is the
last part of the focusing lens. The sympathetic cooling of thorium
with Sr+ ions, loaded from a dispenser source, is performed in the
second segment of the Paul trap. Helium pressures in the different
sections indicate the performance of differential pumping when the
gate valve is open.

is ∼90 V at 1.2-MHz frequency. An additional longitudinal
dc gradient of about 0.2 V per RFQ segment is applied for
an efficient accumulation of the ions. The ions in the RFQ are
thermalized to room temperature by collisions with the helium
buffer gas at ≈0.1 Pa pressure. The RFQ vacuum section is the
first stage of a differential pumping system toward the ion trap.
The electrical configuration of the RFQ allows the extraction
of ions in bunches or in a continuous beam. An aperture lens
with an inner diameter of 2 mm behind the last RFQ segment
is used for efficient ion extraction.

To separate the vacuum chamber of the ion trap from the
flow of helium from the source chamber, an all-metal gate
valve with an integrated einzel lens [28] in the orifice is
mounted behind the RFQ. The einzel lens focuses the ions
extracted from the RFQ into the downstream mass filter. After
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the gate valve is closed, the pressure in the trap region de-
creases by an order of magnitude and reaches 10−8 Pa within
a few seconds. This reduces heating of the laser-cooled Sr+

ions through collisions with background gas and increases the
storage time of thorium ions. In addition, the valve simplifies
maintenance of the beamline vacuum system.

A quadrupole mass filter (QMF) [29] with Brubaker pre-
filters [30] is used for the selection of the Th3+ ions, filtering
out other decay products from the uranium source, thorium
ions in other charge states, and molecular ions formed in reac-
tions with impurities in the buffer gas. The central segment of
the QMF has a length of 300 mm, and 20-mm-long Brubaker
sections are attached on both sides of the central segment. The
rod diameter of all electrodes is 20 mm. The diagonal dis-
tance between two opposite electrodes is 17.7 mm. Additional
aperture lenses at the entrance and exit are used for focusing
and extracting the ions. The QMF is typically operated with
an rf voltage amplitude of ∼600 V at ∼830-kHz frequency
with a dc voltage of about −95 V. The measured resolution
of the mass filter is m/�m ≈ 180, which allows efficient sep-
aration of 230Th3+ from 234U3+ and other daughter products
of the uranium decay chain and molecular ions extracted from
the RFQ. The second differential pumping stage improves the
background pressure to ≈10−3 Pa in the QMF section.

In order to provide laser access along the trap axis not ob-
structed by the ion source, the trajectories of the thorium ions
are bent by 90◦ via an electrostatic deflector [31]. Two pairs of
electrodes, in combination with a set of shim electrodes, are
applied with a dc voltage deflecting the incoming thorium ions
from the mass filter toward the ion trap in a two-dimensional
electrostatic quadrupole field. Individual sets of einzel lens
assemblies are used for focusing the ion beam. When the
deflector is not active, a channeltron detector that is mounted
in the forward direction can be used for monitoring the ion
flux.

An rf electric octupole guide is used to transport the ions
from the deflector to the ion trap. Similar to the quadrupole
ion guides, the electrodes of the octupole are connected to
an rf voltage (∼1.2 MHz) at about 110-V amplitude and to
a common dc voltage of −12 V. Use of the octupole configu-
ration reduces transmission losses and simplifies the coupling
to the ion guide [32,33]. The total length of the octupole is
about 308 mm. The minimum distance between two opposite
electrodes is 15.3 mm, and the rod diameter is 4 mm. An
aperture and an einzel lens at the entrance and exit with a
minimum inner diameter of up to 4.8 mm are used to guide
the ions into the trap.

B. Ion trap

For the experiments on laser cooling and spectroscopy, a
linear radio-frequency trap (see Fig. 1) of 50-mm total length
is used. The trap consists of five segments with a length of
10 mm each. The diagonal distance between opposite elec-
trodes is 5 mm, and the radius of the electrodes is 2.9 mm.
Typically, a rf voltage in the range of 150–250 V amplitude
at a frequency of 2.8 MHz is used, corresponding to a q
parameter in the range of q ∼ 0.2–0.3 (see, e.g., Ref. [34]).

The trap segments are held at different dc potentials during
the sequence of ion capture and axial confinement. A dc
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FIG. 2. Optical setup for the laser spectroscopy of sympatheti-
cally cooled Th3+ ions. Two external cavity diode lasers (ECDLs)
at 461 and 405 nm are used for two-step photoionization of Sr.
Cooling of Sr+ ions is provided by the ECDL at 422 nm and the
repumper at 1092 nm. The ECDLs at 690 and 984 nm are used for
the spectroscopy of Th3+ ions.

potential applied to the first end-cap section (see Fig. 1) varies
between 2 and 10 V. The second segment serves as a trapping
region for the Sr+ and Th3+ ions. Dc potentials in the range of
±100 mV are applied to the electrodes of this section in order
to bring the ions to the rf minimum and to minimize the excess
micromotion [35] for the Sr+ ions. Dc potentials applied to the
last three sections also vary for different trapping regimes in
the range of a few volts.

The vacuum conditions in the trap decisively determine the
lifetime of the highly reactive Th3+ ions. The final stage of the
differential pumping line reaches a base pressure in the range
� 10−7 Pa. In addition, a liquid-nitrogen cold trap is installed
next to the ion trap to improve the quality of the vacuum. The
materials for the entire vacuum system, especially around the
ion trap, are selected for low magnetic permeability and low
outgassing. We avoid the use of organic compounds and use
titanium, 316L(N) stainless steel, and ceramics like Al2O3 and
ZrO2.

The vacuum chamber provides two viewports along the
trap axis and two viewports oriented at 45◦ from the trap axis
for laser access. For the optical detection of the fluorescence
signals a viewport on top of the vacuum chamber and a reen-
trant viewport oriented perpendicularly to the trap are used.

C. Optical setup

The optical setup for the laser cooling and laser excitation
of Th3+ and Sr+ ions is shown in Fig. 2. The part related
to Sr+ consists of two external cavity diode lasers (ECDLs)
emitting at 461 and 405 nm for two-step photoionization of
Sr [36,37], a Sr+ cooling laser at 422 nm, and a distributed
feedback laser (DFB) at 1092 nm as a repumper (see, for
example, [38]). For the spectroscopy of Th 3+ two ECDLs
at 690 and 984 nm are used (see Sec. IV). The radiation
frequencies of the cooling and spectroscopy lasers can be
stabilized via digital feedback from a scanning transfer cavity.
An ECDL that is stabilized to a resonance of Rb in a vapor
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cell (see, for example, [39]) provides an optical reference
for the cavity-length stabilization and a calibration signal for
the wavemeter (HighFinesse/Ångstrom WS7-60) used in the
experiment to obtain absolute frequency measurements.

The two overlapped beams for the Sr ionization at 461
and 405 nm have powers of 5 and 2 mW, respectively, and
a diameter of about 1 mm in the trap center. The beams are
directed at a 45◦ angle to the second segment of the ion trap
to be perpendicular to the Sr atomic beam emitted by the Sr
oven. The Sr+ cooling laser at 422 nm is directed through the
trap at an angle of a few degrees from the trap axis in order
to cool both radial and axial motion. This cooling beam has
an approximately 0.5-mm diameter and about 100-µW power.
The DFB repumper radiation is directed from the opposite
side of the trap and overlaps with the cooling beam in the
trapping region. For the repumper a power of 4 mW is used,
and its detuning is different from that of the cooling laser in
order to avoid population trapping in a coherent superposition
of Zeeman sublevels that forms a dark state [37].

The fluorescence of the S1/2 → P1/2 Sr+ transition at
422 nm is detected using an electron multiplying CCD
(EMCCD) camera and a photomultiplier tube (PMT). The
EMCCD camera is used for the visualization of Sr+ Coulomb
crystals and to determine the number of stored Th3+ ions
(see Sec. III). The PMT signal is used to control excess mi-
cromotion of the ion crystal, and its readout is synchronized
with the trap driving frequency. The PMT and the camera are
equipped with a bandpass filter passing 422-nm photons. For
the observation of the Th3+ ions, the optical path also contains
a dichroic mirror at a 45◦ incidence angle, which transmits the
422-nm photons and reflects longer-wavelength radiation. The
Th3+ fluorescence is detected using a PMT equipped with a
690-nm bandpass filter. The readout of the PMT is gated by
the 984-nm laser pulse (see Sec. IV).

III. Sr+–Th3+ TWO-SPECIES COULOMB CRYSTALS

Direct laser cooling of Th3+ has been demonstrated [10],
but the cooling power is limited because of the narrow (<500-
kHz natural linewidth) cooling transitions. In addition, the
hyperfine structure in the case of the 229Th isotope makes it
necessary to apply multiple cooling-laser sidebands in order
to avoid population trapping in dark states. Therefore, we
investigate sympathetic laser cooling of Th3+ with 88Sr+, as
explained above. The charge-to-mass ratios of both species are
similar, about 15% higher for Th3+, so that in a two-species
Coulomb crystal the thorium ions will occupy the region
close to the axis of the rf ion trap, surrounded by one or
several shells of strontium ions. This configuration is ideal for
reaching the whole ensemble of Th3+ ions with a laser beam
running along the trap axis, for example, a VUV beam for the
excitation of the nuclear resonance [40]. It is also convenient
that because of their level structure, Sr+ ions in their ground
state will not interact resonantly with a VUV laser that drives
the nuclear resonance. The ionization potential of Sr+ of
11.03 eV is significantly higher than the 229Th isomer energy.

Calculations of the resulting structures of two-species
Coulomb crystals have been performed for various ion num-
bers and trap parameters using the SIMION software [41].
Typical structures are shown in Fig. 3 for a small number of

FIG. 3. Simulations of large two-species Coulomb crystals con-
taining (a) 1000 Sr+ (blue) and 9 Th3+ ions (red) and (b) 500 Sr+

(blue) and 500 Th3+ (red) ions. Images on the right are views along
the axis of a slice of ions taken close to the center of the crystal.

9 Th3+ ions that arrange in a linear chain on the trap axis and
for a larger number of 500 Th3+ ions that arrange in several
shells, surrounded by a tubular arrangement of Sr+. The sim-
ulations were performed with ion-trap parameters similar to
those of the experiments. They include the time dependence
of the trap potential, and the images shown are snapshots
for a certain phase of the rf. Laser cooling is modeled by a
velocity-dependent damping force that acts on both species.
The low-temperature equilibrium structures that are shown
here are determined by the Coulomb interaction and the trap
potential alone and are not influenced by the value of the
damping parameters.

For the experiments on sympathetic laser cooling the ion
trap is first loaded with a large 88Sr+ cloud produced via
two-step ionization of an atomic beam emitted by the Sr
source. The number of trapped ions is controlled by varying
the dispenser oven temperature and the interaction time with
the ionization lasers. Depending on the trap parameters and
the number of ions, one- or three-dimensional Coulomb crys-
tals of Sr+ can be observed.

As long as the gate valve between the ion source and ion
trap is open, there is a residual helium pressure from the
recoil-ion source in the ion-trap chamber. Therefore, we in-
vestigated the influence of collisions with helium on the laser
cooling of Sr+. A central elastic collision of a He atom with
a cold Sr+ ion will transfer 0.166 of the He kinetic energy,
corresponding to about 1 × 10−21 J at 300 K. At a typical
cooling-laser detuning of 20 MHz, it will take about 8 × 104

scattered laser photons to extract this energy from the Sr+

ion. With a laser at saturation intensity, this will take about
1 ms. As long as the collision rate remains smaller than 10−5

of the photon scattering rate, the ion can be expected to be at
the laser-cooling temperature most of the time. The Doppler
limit for Sr+ is 0.5 mK. Figure 4 shows the strength of the
fluorescence signal of a four-ion linear chain of Sr+ obtained
from the EMCCD camera image as a function of He pressure.
Under the assumption that each collision event temporarily
reduces the fluorescence scattering rate until the Coulomb
crystal is recooled, the dependence of the fluorescence signal
of the ions on pressure p is modeled as I (p)/I (0) = 1 − κ p.
A fit with this function (solid line in Fig. 4, resulting in
1/κ = 2.2 × 10−5 Pa) describes the experimental data well.
At pressures above 8 × 10−6 Pa laser cooling is not sufficient
to maintain a stable Coulomb crystal, and the movement of
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FIG. 4. Fluorescence signal of Sr+ ions as a function of helium
buffer-gas pressure. The solid line corresponds to a fit assuming the
rate of collisions and heating in the Sr+ Coulomb crystal increase
linearly in pressure. The two data points at the highest pressure
deviate from the model: The Coulomb crystal has melted, leading
to uncorrelated motion of the ions at a higher temperature. The inset
shows an image of the Coulomb crystal.

the ions becomes uncorrelated (cloud phase [42]). A similar
behavior was observed with laser-cooled Mg+ ions, where the
transition from the Coulomb crystal to the cloud happened at
a He pressure of 5 × 10−6 Pa [43].

After the Sr+ Coulomb crystal is loaded, a stopping voltage
of +10 V is applied to the electrodes of the first end-cap trap
section for an efficient trapping of Th3+ ions. A dc potential
gradient of 0.2 V per trap segment is applied to the last three
sections of the trap. The voltages applied to trap segments 3–5
are 0.2, 0.4, and 0.6 V, respectively. Th3+ ions are extracted as
an ∼100-µs bunch from the RFQ after ≈50 s of accumulation.
The voltage of the RFQ extraction lens is −5 V. After the RFQ
extraction pulse is applied, the blocking voltage of +10 V of
ion-trap focusing lens segment 6 (see Fig. 1) is switched to
−5 V for 40 µs with a delay of about 400 µs. This protocol
allows individual bunches of thorium ions to be injected into
the trap and prevents reflection of the ions back to the ion
beamline. During the loading, the frequency of the 422-nm
Sr+ cooling laser is shifted to the red by a few hundred
megahertz from the optimal Doppler cooling frequency for
a few seconds and then tuned back. This helps to improve
the efficiency of trapping high-energy Th3+ ions in a Sr+

Coulomb crystal. The computerized loading protocol allows
us to add thorium ions to the crystal by repeating the injection
sequence several times. The loading efficiency is estimated by
detecting with a channeltron the number of Th3+ ions passing
through the QMF: Typically, ∼100 ions per bunch from the
RFQ are detected here. From those, about 10 Th3+ ions are
incorporated into the Sr+ Coulomb crystal.

Figure 5 shows one- and three-dimensional Sr+ Coulomb
crystals before and after loading of thorium ions. Images of
crystals with 229Th3+ loaded from a 233U source and with
230Th3+ loaded from 234U are similar. Since the ions are

FIG. 5. Images of two-species Coulomb crystals observed on
the 422-nm Sr+ fluorescence. (a) Chain of Sr+ ions before and
after loading of two Th3+ ions. The experimental EMCCD image is
compared to simulated ion positions (colored dots; yellow: Sr+, red:
Th3+). (b) Large Sr+ Coulomb crystal before and after loading of
about 10 Th3+ ions. The chain of dark regions on the axis indicates
the positions of Th3+. (c) Large Coulomb crystal of Sr+ including
more than 20 loaded thorium ions.

observed on the 422-nm Sr+ fluorescence, dark regions within
the crystals indicate the positions of sympathetically cooled
Th3+ ions. The extension of these regions is larger than the
distance between the neighboring Sr+ ions because of the
higher value of the positive charge. For the case of the linear
ion chains, a numerical calculation of the equilibrium config-
uration in a static potential is performed. The result (colored
dots in Fig. 5) is in good agreement with the experimentally
observed positions of the Sr+ ions under the assumption that
dark spaces in the chain are due to the presence of single
ions of charge state 3+. The configuration in Fig. 5(b) shows
a linear chain of about 10 Th3+ ions on the axis of a large
Sr+ Coulomb crystal. Loading of the 10 Th3+ ions increases
the length of the crystal by about 5%. Figure 5(c) shows a
different crystal containing more than 20 Th3+ ions, likely
in a helical or tubular configuration. A loss of the Th3+ ions
from the crystals with a time constant of about 5000 s at the
lowest pressure in the ion-trap chamber is observed, which
is significantly faster than for Sr+ ions. This is in agreement
with the observation that Th3+ ions are highly reactive with
molecules from the background gas and that these reactions
are accompanied by a charge exchange predominantly to
molecular ions of charge state 2+ [44]. The lower charge-to-
mass ratio of these reaction products makes their ejection from
the Coulomb crystal likely.

IV. LASER SPECTROSCOPY OF SYMPATHETICALLY
COOLED Th3+ IONS

For a demonstration of high-resolution laser spectroscopy
of sympathetically cooled Th3+ α-recoil ions, we choose the
isotope 230Th3+ because it does not show a level splitting from
the hyperfine structure. We are probing the �-level scheme
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FIG. 6. Scheme for pulsed excitation and fluorescence detection
of Th3+ ions. The 5F7/2 metastable state is populated through the
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(see Fig. 6) that was already studied with the isotopes 232Th3+

and 229Th3+ [10]. Both transitions have relatively small oscil-
lator strengths, and spontaneous decay from the 6D5/2 level
leads predominantly (branching ratio of 7:1) to the emission
of a 984-nm photon [17,18], while low-noise photon detectors
with high quantum efficiency are more readily available for
690 nm. We therefore implement a pulsed excitation scheme
that permits detection of the 690-nm fluorescence free from
stray laser light. Laser radiations at both 690 and 984 nm are
passed through acousto-optical modulators (AOMs) to control
the temporal pulse shape. The laser beams are directed along
the trap axis from opposite directions. The beam diameters
are ≈0.5 mm, and the beams overlap with the Sr+ lasers
in the trapping region. The maximum pulse laser powers of
the 690- and 984-nm ECDLs used in the experiment are in
the range of a few hundred microwatts. For the detection
of the 5F5/2 → 6D5/2 transition we apply a 30–50-µs exci-
tation pulse of the 690-nm laser which populates the 5F7/2

level through the decay of the 6D5/2 state (see Fig. 6). Next, a
pulse of the 984-nm radiation is applied for 50–70 µs, and the
fluorescence signal at 690 nm from the 6D5/2 level decay to
the ground state is registered during this period. The frequency
of the 984-nm laser can be modulated by a fiber-coupled
electro-optical modulator (EOM) to provide a broad radiation
spectrum.

A search for the frequencies of the 230Th3+ lines is per-
formed based on the known isotope shifts between 229Th and
232Th [10]. The search is carried out by a scan of the 690-
nm laser in combination with a broadband EOM modulation
of the 984-nm laser. After finding the center frequencies of
both lines, the fluorescence decay signal at 690 nm of the
5F7/2 → 6D5/2 transition is detected by stabilizing one of
the lasers at the center frequency and scanning the other laser
over its transition. The recorded fluorescence signals of the
two resonances are shown in Fig. 7. Coulomb crystals similar
to the one shown in Fig. 5(c), containing about 20 Th3+ ions,
were used. The records are obtained with an integration time
of 2 s per data point. Figure 7(a) represents the fluorescence
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FIG. 7. Excitation spectra of sympathetically cooled 230Th3+

ions. (a) shows the detected fluorescence signal while scanning the
690-nm laser frequency and keeping the 984-nm laser frequency sta-
bilized on the center of the 5F7/2 → 6D5/2 transition via frequency
lock to the transfer cavity, and (b) shows the signal while scanning
the frequency of the 984-nm laser and keeping the 690-nm laser fre-
quency on the center of the 5F5/2 → 6D5/2 transition. The detuning
refers to the center frequency of the corresponding resonance.

signal obtained by scanning the frequency of the 690-nm laser
while the frequency of the 984-nm repumper is stabilized at
the center of the 5F7/2 → 6D5/2 transition. The resonance
full width at half maximum (FWHM) shown in Fig. 7(a) is
about 7.5 MHz. The excitation is provided by the 690- and
984-nm ECDL pulse powers of 6 and 80 µW, respectively.
The trap drive voltage corresponds to the parameter q ≈ 0.2.
As an alternative, we stabilize the frequency of the 690-nm
laser at the center of the 5F5/2 → 6D5/2 absorption line and
provide a scanning of the 984-nm laser. The fluorescence
signal observed while scanning the frequency of the 984-nm
laser is shown in Fig. 7(b). The resonance has a FWHM of
about 3.7 MHz. The pulse power of the 984-nm laser is about
50 µW, and the 690-nm power is 30 µW. The background
signal of ≈60 counts/s in the spectra appears due to PMT dark
counts and some residual transmission of stray cooling-laser
light through a blocking filter.

The lifetime of the 6D5/2 state was calculated to be in the
range 0.3–0.7 µs [17,18], corresponding to a submegahertz
natural linewidth. Our estimations indicate that spectroscopy
laser pulse powers in the range of ∼100 µW can cause a
significant saturation broadening of the excitation spectrum.
Unresolved motional sidebands that are due to the driven
micromotion of the Th3+ ions in the Coulomb crystal can
also contribute to the resonance broadening. Therefore, we
investigate saturation-broadening effects and the influence of
unresolved motional sidebands by changing the laser powers
and the trap drive voltage. Figure 8 shows the dependence of
the linewidth of the fluorescence signal on the pulsed laser
power for both the 690- and 984-nm lasers. The measurements
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FIG. 8. Saturation broadening of the fluorescence signal.
(a) Linewidth (FWHM) of the 690-nm resonance vs 690-nm laser
power while scanning its frequency and keeping the 984-nm fre-
quency stabilized on the center of its relevant transition. (b) Similar
measurements for the broadening of the resonance while scanning
the 984-nm laser frequency and keeping the 690-nm laser frequency
stabilized.

are obtained by scanning one of the lasers over the resonance
while the second laser frequency is stabilized on the center
of the associated transition. For the experiment the excitation
power of the scanning laser varies, and the power of the
frequency-stabilized laser is kept low. By changing the trap
drive voltage in the q parameter range from 0.18 to 0.45, the
width of the 690-nm resonance slightly increases by a few
megahertz. The experiments are performed in the ambient
magnetic field (∼100 µT) without shielding. Frequency shifts
or line-shape asymmetry due to the Zeeman effect do not
affect our analysis significantly.

An estimation of the temperature of the sympathetically
cooled thorium ions is provided using the linewidth of the
observed fluorescence resonances at 690 and 984 nm with a
minimized power-broadening contribution, as shown in Fig. 8.
Tentatively assuming a thermal velocity distribution and the
absence of other contributions to the linewidth apart from
Doppler broadening, the wider of the two spectra in Fig. 7
corresponds to a temperature of 140 mK, providing an upper
limit for the temperature of the Th3+ ions. This is above
the temperature limit for Doppler cooling of Sr+ of 0.5 mK
but is still within the temperature range that is expected for
sympathetically cooled Coulomb crystals in this type of ion
trap [20,24].

The measured absolute frequency of the resonance at
690 nm is 434.284 91(7) THz, which corresponds to a
wavelength of 690.312 85(12) nm. The uncertainty is domi-
nated by the uncertainty of the wavemeter and was checked
in a comparison of two similar devices. Relative to the

resonance frequency for 232Th3+ [45], the isotope shift of
the 5F5/2 → 6D5/2 line for 230Th3+ is −6.48(10) GHz. For
the 5F7/2 → 6D5/2 transition the absolute frequency of the
230Th3+ resonance is 304.613 27(6) THz, and the wavelength
is 984.174 00(21) nm. The negative isotope shift of this tran-
sition relative to 232Th is −6.08(9) GHz. For both transitions
the shift for the lighter isotope is negative (shifted to the
red). The ratio of these shifts is in good agreement with the
ratio of recently calculated field shift coefficients [46]. This
will be helpful for a future, more precise determination of
the charge radius of 229mTh from the isomer shift of these
transitions. Using these coefficients and neglecting contribu-
tions from mass shift, the measured isotope shifts can be
converted into the difference of the rms nuclear charge radius
δ〈r2〉232,230 = 0.187(3) fm2 between the isotopes. This result
is in agreement with earlier data obtained from measurements
with Th+ [47,48].

V. CONCLUSION

We described in this paper an experimental apparatus for
high-resolution spectroscopy of trapped Th3+ recoil ions. We
demonstrated the efficient loading of Th3+ ions from uranium
sources into a trap holding a large laser-cooled Sr+ Coulomb
crystal and the sympathetic cooling of the thorium ions into
a two-species Coulomb crystal. The spectroscopic signal of
the 5F5/2 → 6D5/2 transition in 230Th3+ was registered with
a detection free from stray laser light using pulsed excita-
tion at 690 nm. We measured the absolute frequencies of
the 5F5/2 → 6D5/2 (690-nm) and 5F7/2 → 6D5/2 (984-nm)
transitions in 230Th3+ and calculated the isotopic shifts. The
experimental apparatus will be used in the future for hyperfine
spectroscopy of the ground and isomeric state in 229Th3+ ions,
with the aim to obtain more precise values for the nuclear
moments of these states [11,49]. Finally, our demonstration
of trapping Th3+ at ultralow temperatures via sympathetic
cooling enables these ions to serve as a reference for a highly
accurate nuclear optical clock [7].
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