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Coulomb crystallization of xenon highly charged ions in a laser-cooled Ca+ matrix
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We report the sympathetic cooling and Coulomb crystallization of xenon highly charged ions (HCIs) with
laser-cooled Ca+ ions. The HCIs are produced in a compact electron beam ion trap, then charge selected,
decelerated, and finally injected into a cryogenic linear Paul trap. There, they are captured into 40Ca+ Coulomb
crystals, and cocrystallized within them, causing dark voids in their fluorescence images. Fine control over the
number of trapped ions and HCIs allows us to realize mixed-species crystals with arbitrary ordering patterns.
By investigating Xeq+ − Ca+ strings, we confirm the HCI charge states, measure their lifetime, and characterize
the mixed-species motional modes. Our system effectively combines the established quantum control toolbox
for Ca+ with the rich set of atomic properties of Xe highly charged ions, providing a resourceful platform for
optical frequency metrology, searches for signatures of new physics, and quantum information science.
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Highly charged ions (HCIs) provide a promising new
platform for next-generation atomic clocks, precision spec-
troscopy, and searches for physics beyond the Standard Model
[1]. The strong Coulomb binding of the outermost electrons
in HCIs makes them relatively insensitive to external fields.
Fine-structure, narrow transitions of these electrons over a
broad spectral range [2–5] provide ideal systems to implement
accurate atomic clocks. HCIs have indeed the potential to
extend optical clock operations into the deep-ultraviolet and
extreme-ultraviolet spectral regions [2] that could represent
the next step in atomic clock technology. Furthermore, due
to the compact wave functions of the outer electrons that en-
hance relativistic effects, specific HCIs have clock transitions
with an amplified response to changes of the fine-structure
constant α [2,3,5–8], or to violations of Lorentz invariance
[9]. Clock comparisons based on these systems are predicted
to have sensitivities to new physics one to two orders of mag-
nitude higher than those of existing neutral atom and singly
charged ion clocks [1,10–12].

*Present address: Max-Planck-Institute for Quantum Optics, 85748
Garching, Germany.

†Contact author: g.barontini@bham.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

On the experimental side, pioneering Penning trap exper-
iments demonstrated sympathetic cooling of highly charged
xenon ions in Be+ Coulomb crystals [13,14], reaching tem-
peratures of the order of 1 K. Building on this foundation, the
last decade has seen rapid progress toward bringing trapped
HCIs into regimes suitable for precision spectroscopy and
metrology. In particular, sympathetic cooling of Ar13+ in Be+

Coulomb crystals in a Paul trap demonstrated that these sys-
tems can be prepared in the mK regime [15]. Subsequent
advances, including quantum logic spectroscopy [16], the first
optical atomic clock [17], and a King plot analysis of the
isotope shift of the fine structure in Ca14+ to constrain fifth
forces [18], have established HCIs as a realistic platform for
metrology [19], quantum control, and tests of fundamental
physics [18]. Coulomb crystallization of Ni12+ in a Be+ ma-
trix and the observation of its clock transition have extended
these techniques to another promising atomic clock candidate
[20–22].

In parallel, theoretical studies and spectroscopic measure-
ments have identified xenon HCIs as especially attractive for
the implementation of optical atomic clocks and for probing
new physics. In particular, a recent comprehensive spectro-
scopic study of Xeq+ found a series of narrow and ultranarrow
transitions, which are promising clock candidates [23]. In
addition, Xe offers several stable isotopes, making it ideally
suited for isotope shift measurements and generalized King
plot analyses [2,18,23,24].

Realizing the full potential of Xe HCIs for quantum tech-
nologies requires the ability to sympathetically cool them
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FIG. 1. (a) Schematics of the main in vacuo components of our apparatus, including the compact EBIT, the beam line, and the science
chamber (relative distances are not to scale). The science chamber has concentric room temperature, 40 K, and 4 K stages, with the cryogenic
Paul trap at the center. Arrows show the ionization and cooling lasers, and the Ca atomic beam injection into the cryogenic region. (b) Typical
time-of-flight spectrum of Xe HCIs as observed on microchannel plate 1. Large peaks correspond to the labeled ionization states, and smaller
features to different stable isotopes of Xe. (c) Points display the amplitude of the signal of charge-selected Xe11+ ions on microchannel plate 2
as a function of the voltage of the retarding field analyzer, with a fitted line using an error function. This fit yields a central energy of �161 q eV,
where q is the charge state, and a full width at half maximum of �12.6 q eV. This microchannel plate can be moved out to allow the HCIs
to reach the science chamber. (d)–(f) Fluorescence images of Ca+ Coulomb crystals with 1, 3, and 4 Xe11+ HCI implanted, respectively.
(g) The same as (d) but with one Xe19+ HCI crystallized. All exposure times are 1 s. For single Ca+ ion we measure trapping frequencies of
(ωx, ωy, ωz ) = 2π × (821, 844, 234) kHz, respectively.

within a host Coulomb crystal. Coulomb crystals of laser-
cooled Ca+ ions are a workhorse platform in trapped ion
quantum science: they combine a simple level structure with a
narrow clock transition, and mature control techniques devel-
oped for optical frequency standards and quantum information
processing [25–28]. Ca+ Coulomb crystals have been exten-
sively used as host matrices for sympathetically cooled “dark”
impurity ions, including molecular ions and other atomic
species [29–39]. In addition, as 40Ca+ has a comparatively
low charge-to-mass ratio, Coulomb crystals of this species are
suited for embedding HCIs of heavy species, such as those
that feature enhanced sensitivity to variations of fundamental
constants, e.g., Cf15+ and Cf17+ [6–8].

In this Letter we demonstrate Coulomb crystallization of
Xe HCIs in a laser-cooled Ca+ matrix trapped in a linear Paul
trap. Starting from Xeq+ bunches extracted from a compact

electron-beam ion trap (EBIT), we decelerate and retrap the
HCIs into a preformed 40Ca+ Coulomb crystal, where they
manifest themselves as well-localized dark impurities. We
then demonstrate single-atom control on our mixed-species
Coulomb crystals, which enables the engineering of arbitrary
configurations. We finally characterize our mixed-species lin-
ear crystals, in particular by measuring their normal-mode
structure. Our results set the stage for future Xe-based HCI
optical clocks and precision tests of fundamental physics.

Our experimental system is based on those in Refs.
[40–44]. In essence, it combines an EBIT [42] to produce
HCIs on one end, with an extremely high-vacuum cryogenic
environment to trap and cool the HCIs [43,44] on the other
end, and a beam line that guides the HCIs in between. In
Fig. 1(a) we show the main components of our EBIT and beam
line, which have been described in detail in Refs. [42,45].

L041102-2



COULOMB CRYSTALLIZATION OF XENON HIGHLY … PHYSICAL REVIEW A 113, L041102 (2026)

Cryogenic cooling for the science chamber [(top right of
Fig. 1(a)] is provided by a pulse tube cryocooler (not shown
in the figure), with nominal capacities of 1 W at 4.2 K and
40 W at 45 K. To ensure good thermal connection between the
cryocooler and the science chamber, together with substantial
vibration isolation, we use a thermal transfer unit like the one
described in Ref. [43] (not shown). At the center of the science
chamber, inside the 4 K stage, there is a cryogenic linear
segmented Paul trap, which is a variant of the one described
in [44]. Its four blades have a separation of 0.7 mm. Two
of the blades are connected to an rf resonator, also hosted
inside the 4 K stage, to provide radial confinement. The other
two blades are split into five sections and are used to provide
axial confinement. All the dc voltages are applied to the trap
through a printed circuit board (PCB) hosting low-pass filters
with a cutoff frequency at 200 Hz. The PCB is located inside
the 4 K stage to minimize Johnson noise and to ensure that
there is no heat load from the wires to the trap electrodes.
The filter board and rf share the same ground, which can be
elevated to hundreds of V for HCI deceleration, as explained
later.

Unlike other systems, our experiment utilizes Coulomb
crystals of Ca+ ions for sympathetic cooling of the HCIs.
Neutral Ca atoms are introduced into the trapping region from
a dedicated resistively heated oven, as shown in Fig. 1(a).
40Ca+ ions are selectively produced within the trapping region
by resonant two-step photoionization using light at 423 and
375 nm. Doppler cooling is performed on the Ca+ cycling
transition using a cooling beam at 397 nm overlapped with
an 866-nm repumper. All optical sources are diode lasers,
with their frequencies stabilized using a wavelength meter.
The fluorescence of trapped Ca+ ions is imaged with a system
that comprises an in-vacuum high numerical aperture aspheric
lens that produces a 3× magnified image outside the vacuum
system [44], and a microscope assembly that further magnifies
this latter image 10× on an EMCCD camera (Andor iXon
Ultra 888).

Our experimental sequence broadly traces the ones de-
scribed in Refs. [15,45]. In this work, the Xe HCIs are
extracted from the EBIT every 250 ms, with the extraction en-
ergy depending on the ionization state. To provide a concrete
example, in the following we describe the typical sequence for
Xe11+ HCIs. For this ionization state we use an electron-beam
energy of �280 eV, while the extraction energy is 400 qeV,
with q = 11. After extraction, the HCIs are directed and fo-
cused using a series of Sikler lenses [46,47], as shown in
Fig. 1(a). We utilize the signal of microchannel plate 1 to
maximize the number of HCIs extracted. An example of a
time-of-flight spectrum obtained on this microchannel plate is
shown in Fig. 1(b). The peaks of the different ionization states
are rather broad, have internal structure, and partially overlap
due to the fact that Xe has a large number of stable isotopes.
Note that the shape of the peaks and their substructure depend
on the extraction settings, namely the extraction voltage and
the voltages of the first two Sikler lenses.

After the electrostatic bender, the HCIs are charge selected
using Sikler lens 3 as a timed gate. They are then decelerated
and bunched in energy using a pulsed-drift tube whose first
electrode is kept at 250 V, while the second is at 600 V. Both
potentials are switched to zero while the HCIs are traveling

through the tube. The second microchannel plate is placed
after the pulsed-drift tube and has incorporated a retarding-
field analyzer that is used to measure the energy distribution of
the HCI bunch, as shown in Fig. 1(c). With the above settings,
we typically obtain decelerated bunches with mean energies of
�160 qeV and full width at half maximum of �10 − 15 qeV.
The spread in energy is substantially larger than in Ar HCIs
(see, e.g., Ref. [45]), and we attribute this to the overlapping
signals coming from different isotopes.

The HCIs finally enter the science chamber [see Fig. 1(a)]
and pass through the input mirror electrode, which is kept at
0 V [48]. The Paul trap, which comes immediately after the
input mirror electrode, is instead kept at �145 V, in order
to slow down the Xe HCIs to 1–20 qeV. The output mirror
electrode is kept at 200 V and is used to reflect the HCIs back
towards the center of the trap. Immediately after the HCIs
exit the input mirror electrode, we raise its voltage to 200 V.
In this way we force the HCIs to bounce back and forth
between the two mirror electrodes, i.e., we axially confine
them inside the Paul trap. During this stage, we typically apply
�0.11 V to the dc electrodes and �75 V to the rf electrodes of
the Paul trap. This provides radial confinement for the HCIs.

We utilize the same Paul trap pseudopotential to con-
fine Coulomb crystals of hundreds of Ca+ ions. The HCIs
that are bouncing back and forth between the mirror elec-
trodes thus can interact several times and be sympathetically
cooled by the laser-cooled Ca+ Coulomb crystal, until they
finally crystallize. The presence of a HCI in the crystal man-
ifests as a large round void in the Ca+ fluorescence images
[Figs. 1(d)–1(g)]. Once one or more HCIs is in the crystal, we
typically raise the rf voltage to �200 V, as done in Figs. 1(d)–
1(g). The probability of a HCI to eventually crystallize is
roughly proportional to the number of Ca atoms in the crystal.
We found that the probability also increases by using weaker
pseudopotential confinement. In this work we mostly utilize
Xe11+ [Figs. 1(d)–1(f)]. By changing the parameters of the
EBIT (electron-beam energy) however, we are able to trap
other ionization states. For example, in Fig. 1(g) we show a
crystallized Xe19+ ion, which we believe is the most highly
charged ion to be crystallized.

The number of ions in the Ca+ Coulomb crystal can be
controllably decreased by blue detuning the cooling laser by
�40 MHz and reducing its intensity for a few seconds. This
progressively expels ions from the trap. The time needed to
expel one ion is approximately inversely proportional to the
size of the crystal. The same procedure can be used when
one HCI is cotrapped. The presence of the HCI speeds up
the process for large crystals, while it has less effect for
crystals of less than 10 atoms. When more than one HCI is
trapped, the removal of Ca+ atoms with this method becomes
more delicate. In this case, to avoid sudden loss of the entire
crystal during the blue-detuned phase, we must reduce the
trapping frequencies to the point where the crystal is com-
pletely melted, and strongly reduce the power of the cooling
laser. The number of Ca+ ions is tracked via their total fluo-
rescence. Once the desired number of ions is reached, we can
restore stronger confinement to recrystallize. With this method
we can engineer mixed Coulomb crystals with single-atom
precision. Some examples with up to seven HCIs are shown
in Fig. 2.
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FIG. 2. (a) Fluorescence images of a mixed-species Coulomb
crystal containing seven Xe11+ HCIs, each manifesting as a void
in the crystalline structure. (b), (c) Mixed-species Coulomb crystals
with four Xe11+ HCIs and different numbers of Ca+ ions. (d)–(f) The
same but with three Xe11+ HCIs. The exposure time for all panels
is 1 s.

In Figs. 3(a)–3(g) we show a series of different config-
urations for small linear Xe11+-Ca+ Coulomb crystals with
one HCI implanted, obtained using the method just described.
Also in this case, the presence of a Xe HCI manifests as
a dark void in the linear chain. For crystals that have the
same number of atoms, different configurations (i.e., Xe11+ in
different positions) can be obtained by briefly modulating the
amplitude of the rf at a frequency close to one of the trapping
frequencies. These crystals are useful to run some simple
diagnostics on the HCIs. For example, the configuration of

Fig. 3(c) can be used to measure their charge. The separa-
tion between the two Ca ions when a HCI is in between is
given by

d = 2

[
e2

4πε0

q + 1/4

mCaω
2
Ca

]1/3

, (1)

with mCa the mass and ωCa the axial secular frequency of
the Ca+ ions. For q = 11 we have that d � 52.5 µm, in ac-
cordance with what is measured in the experiment. We also
use the same configuration to measure the charge lifetime of
the HCIs by monitoring the separation of the two Ca ions
as a function of time. The average lifetime of a Xe11+ HCI
in our experiment is �27 min. By assuming that ion losses
are dominated by charge-exchange collisions with H2 in the
capture-limited (Langevin) regime, we infer that the pressure
inside the 4 K shield is �2 × 10−14 mbar. As in other similar
experiments, the lifetime drops significantly (<1 min) after
a few weeks. This is because residual gases (primarily H2)
gradually load and partially saturate the cryosorbing surfaces,
while more weakly cryopumped species (e.g., He) accumulate
in the chamber, reducing the effective cryopumping efficiency.
A brief warm-up to �20 K mobilizes these species, allow-
ing them to be removed by the turbomolecular pumps and
thereby restoring the cryopumping performance and the HCI
lifetime.

We finally characterize the linear mixed-species Coulomb
crystals in Figs. 3(a)–3(g) by measuring their lowest normal
axial modes. The modes of these crystals are indeed strongly
influenced by the presence of the HCI, which can, e.g., split
the ensemble in domains [49] that can be partially decoupled.
To this end we modulate the amplitude of the rf drive of

FIG. 3. (a) Fluorescence image of a mixed-species Coulomb crystal containing one Ca+ ion (the purple dot) and one Xe11+ HCI (not
visible). (b)–(g) The same as (a) but with two to four Ca+ ions. (h) The circles are the measured frequencies of the two lower axial modes
of the crystals shown in (a)–(g), where X ≡ Xe11+ and C ≡ Ca+. The error bars, derived from shot-to-shot fluctuations, are smaller than the
size of the circles. The crosses are the values calculated with the method explained in the text. The dashed line is the measured secular axial
frequency for Ca+ in the same trap.
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the Paul trap at different frequencies until we excite some
axial motion of the crystal. This is detected by the broad-
ening of the fluorescence signal of the single ions along the
axial direction. The results are the round dots reported in
Fig. 3(h). To evaluate the frequencies of the modes of the
mixed-species crystals, we model the ions as point charges
confined in a harmonic axial pseudopotential and interacting
via the full pairwise Coulomb repulsion, and we restrict the
solutions to the linear chain regime where all ions lie on the
trap axis. We first determine the 1D equilibrium positions zi

by solving the force-balance equations for all ions. Around
this equilibrium, we expand the total potential U to second
order in small axial displacements, which yields the Hessian
matrix of second derivatives d2U/dzidz j . Diagonalizing the
mass-weighted Hessian gives the axial normal modes [50].
The crosses in Fig. 3(h) are the two lower axial mode frequen-
cies calculated with this method. They track the experimental
values reasonably well and reproduce the same dependence
on the crystal configuration, confirming the charge and mass
assigned to the HCIs.

In this work we have reported a system for the production,
cooling, and trapping of HCIs. We demonstrated the use
of laser-cooled Ca+ Coulomb crystals to sympathetically
cool Xe HCIs. This led to the crystallization of Xe HCIs
in the Ca+ matrix. We have also implemented a method
that enables us to accurately control the number of ions in
the mixed-species Coulomb crystals. We have characterized
our system and benchmarked it by measuring the axial
normal modes of linear Xe11+ − Ca+ linear crystals. Our
results represent a step change towards Xe-based HCI optical
clocks and precision tests of fundamental physics. This
is because of the availability of several candidate clock
transitions at accessible wavelengths that can also be used as
probes of fifth forces [2,18,23]. Our system also enables the
combination of the quantum control toolbox developed for
Ca+ in quantum information and frequency metrology with
the largely unexplored potential of cold HCIs. Techniques
such as ground-state cooling, sideband spectroscopy, and
quantum logic with Ca+ can now be applied to Xe HCIs
[16,17,25,32,51,52]. In this respect, a near-term priority is to
identify the most promising clock-transition candidate in Xe
HCIs and to deploy the spectroscopy laser systems required
to address the targeted transition, including frequency
stabilization to an ultrastable reference. In parallel, we will

implement quantum logic spectroscopy using the cotrapped
Ca+ ion for state preparation and readout. We also aim
to develop deterministic isotope selection and loading
capabilities, for example via enriched xenon gas sources
and/or by incorporating mass-selective filtering prior to
trapping. Because the Ca+ clock transition is well developed
as a high-accuracy optical standard, a cotrapped Ca+ − Xeq+
system can realize two optical clocks in the same trap.
Comparing their frequencies within a single Coulomb crystal
suppresses many common mode environmental and trap-
induced shifts, potentially providing a substantial advantage
in clock-clock comparison experiments. Finally, advanced
schemes to realize mixed-species entangling gates [53,54]
could be adapted to Ca+ − Xeq+, exploiting the narrow
optical transitions and the common axial modes studied here.
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