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Abstract – We propose to measure the six motional frequencies of an unbalanced two-ion crystal
in a Penning trap using a scheme that has been demonstrated in a quantum-metrology experiment
with a single ion in a linear Paul trap. To study the feasibility, we derive the quantum Hamiltonian
for the unbalanced crystal formed by a target and a sensor ion (40Ca+), and deduce characteristic
coordinates ξ±c′ , ξ

±
z , and ξ±m, associated to the amplitudes of the displacement operator α±

c′ , α
±
z ,

and α±
m, respectively, when a dipolar time-varying field is applied. The final state after excitation

is read out using rapid adiabatic passage. We also present the status of the 7 tesla open-ring
Penning trap where first experiments on the 232Th+-40Ca+ crystal, cooled to the ground state,
are foreseen in the short-term future. Finally, we underline possible experiments with this unique
platform.

perspective Copyright c© 2021 EPLA

Introduction. – Penning traps [1] are used for ultra-
accurate determination of motional frequencies (eigenfre-
quencies) of a stored charged particle or antiparticle [2],
from which one obtains its cyclotron frequency as if it
moved in a pure magnetic field. The method utilized
is based on resonant electronic detection, first reported
in 1975 by Wineland and Dehmelt using an ensemble of
electrons [3]. It has been pushed to an outstanding per-
formance using a single stored (anti)particle [4,5] or two
particles under sufficient separation [6–8]. See, e.g., the
recent review in ref. [9] with implications in several fields.
However, the mass and charge of the particle to be mea-
sured is limited with this technique to a certain range and
one of the eigenfrequencies has to be equal to the res-
onance frequency of the detector circuit, which is fixed,
immersed in a liquid helium tank (see, e.g., [10]). The
circuit is also used to cool one of the eigenmotions, with
a rate that scales with the square of the particle’s charge.
This is particularly suitable for ions with large electronic
charge states [11], that can be generated by charge breed-
ing using an electron beam ion trap (EBIT) [12], although
this process is not always possible.

A new ion-trap experimental activity started at the Uni-
versity of Granada in 2012, devoted to the implementation

(a)E-mail: javier.cerrillo@upct.es
(b)E-mail: danielrodriguez@ugr.es (corresponding author)

of a novel Penning-trap mass-spectrometry approach,
based on using a single laser-cooled sensor 40Ca+ ion as
detector [13]. It follows the idea described in ref. [14],
relying on the interaction between the sensor ion and
the ion of interest, stored in physically separated traps,
through the oscillating charges both ions induce in a com-
mon electrode. One of the prime motivations was to ap-
ply this technique for mass measurements on superheavy
elements (SHE), for which the existing (destructive) tech-
niques in 2012 [15] were already at the edge of capabil-
ities [16,17]. Although a novel (destructive) technique
was developed in 2013 [18], which has rendered practi-
cable the lighter SHE ions, produced at a smaller rate
compared to those measured earlier [19], the technique
might not be adequate when dealing with heavier SHEs, as
this needs a few ions for the measurement. Initially with
this motivation, two separate directions have been pur-
sued after the original proposal. On the one hand, quartz
resonators for electronic detection (vs. superconducting
coils) have been developed in collaboration with the di-
vision of Michael Block (University of Mainz, Helmholtz
Institute Mainz and GSI-Darmstadt) providing the first
quartz-based experiment with ions [20], mass measure-
ments [21], and recently introducing the new feature of
fast (non-destructive) resonant detection in a Penning
trap [22]. On the other hand, simultaneous storage in
the same Penning trap of both the sensor and the target
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ions is being explored [23], forming an unbalanced ion
crystal cooled first to the Doppler limit [24,25] and later
to the ground state of motion (in all spatial directions).
With 40Ca+ ion as the sensor, this implementation will
allow detection and measurement of single ions (atomic
or molecular) in a vast mass range, expanding classical
Penning-trap mass spectroscopy into the quantum regime
for ultra-sensitive and universal mass/energy metrology.
The information encoded in the electronic states of the
embedded sensor qubit in the unbalanced two-ion crystal
will be used to measure the cyclotron frequency of the tar-
get ion. Such crystal in a Penning trap will constitute a
novel platform not only for mass spectrometry but also for
quantum logic spectroscopy, developed so far for radiofre-
quency (RF) traps [26,27]. In this publication, relying
on existing protocols to cool an ion crystal in a Penning
trap [28], we develop a theoretical framework to describe
the effect of applying external dipolar fields in terms of
the displacement operator for any of the modes of the
ion crystal, and explore precision read out by projecting
the generated coherent state into the ground state of the
crystal using rapid adiabatic passage (RAP) [29,30]. We
also present the current status of the facility and under-
line the potential of using such a platform for precision
spectroscopy free of radiofrequency fields. Particularly, we
mention the case of 232Th+ to address later the 229mTh+

ion [31–33] proposed as nuclear clock. Generally, isotopes
that can be produced by laser desorption can be also stud-
ied in a similar way. Some practicable example might be
139La2+, proposed for telecom applications [34] or specific
molecular ions for the study of chirality associated to enan-
tiomers (chiral isomers) at the single-ion level [35] in the
Penning trap.

Quantum description of an unbalanced two-ion
crystal in a Penning trap. – Particles with mass m
and electronic charge q are confined in a Penning trap by
the superposition of a strong homogeneous magnetic field
B = Bk, and an electrostatic field originated from a po-
tential of the form V = (U/4d20) ·

(
2z2 − x2 − y2

)
, which

is formed by a set of electrodes, generally named ring and
endcaps [1]. In all configurations, U is the potential dif-
ference between the ring electrode and endcaps and d0 is
a characteristic length of the trap, related to its size and
geometry. When dealing with a single ion, the motion can
be depicted as the superposition of three eigenmotions,
one parallel to the magnetic field (axial motion) with fre-
quency

ωz =

√
qU

md20
, (1)

and two in the radial plane with frequencies approximated
by

ωc′/m =
ωc

2

⎡
⎣1±

√
1− 2

(
ωz

ωc

)2
⎤
⎦ , (2)

Fig. 1: Schematic representation of the eigenfrequency values
and eigenvectors with respect to the ground state of motion
for a single 40Ca+ ion (left) and for an unbalanced ion crystal
made of a 40Ca+ and a 232Th+ ion. The index u stands for c′,
m, and z.

where the subscripts c′ andm stand for modified cyclotron
and magnetron, respectively, and

ωc =
q

m
B. (3)

From eq. (2), ωc = ωc′ + ωm, although this only holds
true for an ideal trap. All the experiments are subject
to small misalignments and imperfections in the realiza-
tion of the electric and the magnetic field, which be-
comes critical for high-precision experiments. Thus, due
to its robustness [36], the relationship known as invariance
theorem

ω2
c = ω2

c′ + ω2
z + ω2

m, (4)

is rather used. Equation (4) has been generalized for an
ion crystal made of two ions; one that can interact with
laser beams, named sensor ion (s) with mass ms and cy-
clotron frequency ωcs, and the other to be studied, referred
to as target ion (t) with mass mt and cyclotron frequency
ωct. The result of the generalization reads [37]

ω2
cs+ω2

ct = (Ω+
c′)

2+(Ω−
c′)

2+(Ω+
m)2+(Ω−

m)2+(Ω+
z )

2+(Ω−
z )

2,
(5)

being Ω+
c′ , Ω

−
c′ , Ω

+
m, Ω−

m, Ω+
z , and Ω−

z , the modes’ eigen-
frequencies of the two-ion crystal formed by the sensor
and target ions. The eigenfrequencies have been calcu-
lated numerically, using the linear approximation, for a
large mass range μ = mt/ms considering singly charged
ions [24]. These calculations have been extended to higher
electronic charges in ref. [25]. Figure 1 depicts the eigen-
frequencies of a single 40Ca+ ion calculated from eqs. (1)
and (2) (left) and those of a 40Ca+-232Th+ ion crystal fol-
lowing the method described in refs. [24,25] (right). The
quantum Hamiltonian of the crystal, up to the ground
state energy, can be written in terms of creation and an-
hilation operators, as1

H = h̄Ω+
z a

†
+a+ + h̄Ω−

z a
†
−a−

+ h̄Ω+
c′b

†
c′,+bc′,+ + h̄Ω−

c′b
†
c′,−bc′,−

− h̄Ω+
mb†m,+bm,+ − h̄Ω−

mb†m,−bm,−, (6)

1The derivation of eqs. (6), (7) and (8) is shown in the Supple-
mentary Material Supplementarymaterial.pdf (SM).
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Fig. 2: Illustration of the normal mode diagonalization. Left:
initial situation: one mode for each spatial dimension (z, y
and x) and ion (sensor and target). Each ion’s mode is cou-
pled to its counterpart by a position-dependent force (spring
shape). Additionally, modes x and y of each ion are coupled
by a phonon-conserving interaction (orange arrows). Right:
the z modes are diagonalized in a single step, providing nor-
mal modes (+) and (−). Modes x and y are diagonalized in
two steps. First, the modified-cyclotron and magnetron modes
are found for the target and sensor ions independently. This
transforms the position-dependent force into an interaction
that conserves the phonon number difference between both
modified-cyclotron modes and magnetron modes (orange ar-
rows). A final Bogolubov transformation V is necessary to fully
diagonalize the system into the + and − modified-cyclotron
and magnetron modes.

with the annihilation operator of the axial modes

a± =
1√
2h̄

⎛
⎝
√

msΩ
±
z

2
z± + i

√
2

msΩ
±
z
pz,±

⎞
⎠ , (7)

and the annihilation operators of the radial modes:
modified-cyclotron normal modes bc′,+, bc′,− and mag-
netron normal modes bm,+, bm,−.
These are the result of a diagonalization procedure that

is illustrated in fig. 2, that we describe step by step in
the SM and that we sketch in the following. The axial
mode (z) requires a rescaling of the mass of the target
ion to that of the sensor ion and a diagonalization of the
resulting potential energy terms. The radial modes require
a few more steps. First, we define the local annihilation
operators, related to position and momentum operators of
the ions through expressions

bk,t =
1√
2h̄

(√
mtω1,t

2
kt + i

√
2

mtω1,t
pk,t

)
,

bk,s =
1√
2h̄

(√
msω1,s

2
ks + i

√
2

msω1,s
pk,s

)
, (8)

where k stands for either x or y and we define ω1,s =√
ω2
cs − 4ω2

z and ω1,t =
√

ω2
cs/μ

2 − 4ω2
z/μ. Then, we de-

fine the unperturbed modified-cyclotron and magnetron
modes by the two-mode transform bc′,r = (bx,r−iby,r)/

√
2

and bm,r = (by,r − ibx,r)/
√
2, where r stands for either s

or t. This transforms the initial position-dependent cou-
plings between the sensor and target ions (fig. 2, left) into
an interaction that conserves the phonon number differ-
ence between the unperturbed modified-cyclotron modes
and the unperturbed magnetron modes (fig. 2, right). Fi-
nally, a Bogolubov transform produces the diagonal modes
bc′,+, bc′,−, bm,+ and bm,−.

The representation in fig. 1 assumes that the single ion
and the crystal are cooled to the ground state of motion
and n+

c′ , n−
c′ , n+

m, n−
m, n+

z , and n−
z give the number of

phonons with energies h̄Ω+
c′ , h̄Ω

−
c′ , h̄Ω

+
m, h̄Ω−

m, h̄Ω+
z , and

h̄Ω−
z , respectively. In order to reach the ground state of

motion for a single ion in the Penning trap (〈n±
u 〉 = 0),

two procedures can be followed sequentially: Doppler and
sideband cooling [28]. The technique described here will
use 40Ca+ as sensor ion, and its electronic transitions at
λ ∼ 397 nm (electric dipole) and λ ∼ 729 nm (dipole
forbidden), respectively, for Doppler and sideband cool-
ing. While the axial motion in a Penning trap can be
treated analogously to the axial motion in a linear ra-
diofrequency trap [38], cooling the radial motion differs
due to the unstable magnetron motion. So far, the group
at Imperial College has reported 〈nc′〉 = 0.35(5), and
〈nm〉 = 1.7(2) after performing sideband cooling of a single
40Ca+ ion in a 1.89 tesla Penning trap [28]. In the exper-
iment in Granada, the 40Ca+ ion is stored in a 7 tesla
Penning trap. The higher intensity has made Doppler
cooling more challenging, therefore requesting a more com-
plex laser system [23,25]. The radial eigenfrequencies
(eq. (2)), can be tuned by adjustment of the U due to
their dependency on the frequency ωz apparent in eq. (1).
Throughout this publication ωz = 2π × 100 kHz, which
yields ωm = 2π × 1.86 kHz and ωc′ = 2π × 2.6875MHz
(fig. 1). While ωc′ is a factor of about 4 larger than the
value quoted in ref. [28], ωm is a factor of ∼ 28 smaller,
and this might prevent the proper cooling of the mag-
netron motion. The potential U can be tuned so that
ωz = 2π × 500 kHz, resulting in ωm approximately the
same as in ref. [28], while maintaining a large value of ωc′

(2π × 2.6421MHz). For this configuration, the distance
between the two laser-cooled ions in the crystal is ∼9μm
and they can be resolved with the optical system. Cool-
ing the magnetron motion is a pre-requisite for Quantum
Mass Spectrometry, since a number of phonons in either of
the magnetron modes shifts Ω−

c′ , the frequency requiring
the highest accuracy, by more than 100mHz [24,25]. The
full crystal may be cooled due to the Coulomb interaction
between the 40Ca+ and the ion under study. Note that the
choice of 232Th+ (fig. 1) is motivated by a project in the
laboratory.

Motional quantum metrology on a two-ion crys-
tal. – The eigenfrequencies of a single ion are probed by
external fields so as to get ωc from eq. (4). In the case
of an ion crystal, the quantity to be determined is the cy-
clotron frequency of the target ion ωct, and for this goal ωcs
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and the six eigenfrequencies of the crystal (eq. (5)) are in-
dependently measured. The eigenfrequency that requires
the most accuracy is, as mentioned above, Ω−

c′ (fig. 1).
The method for these measurements is based on the one
described in ref. [27] for a single 25Mg+ ion. The perturba-
tion due to an external, oscillating dipolar field produces
a displacement in mode a of the form

D̂(α) = eαâ
†−α∗â, (9)

with a displacement amplitude α related to the strength of
the electric field E, the detuning δ between its oscillating
angular frequency and that of the mode, the initial phase
of the oscillating field θ, the ground state extension of the
mode z and the time tD the oscillating field is applied by

α =
qEz

2h̄
ei(δ·tD+θ) × tD. (10)

This can be generalized for the case of an unbalanced
crystal since the six eigenmodes are decoupled, and the
production of coherent states can be resonantly selected.
It is necessary to compute the displacement amplitude αk

associated to each of the six modes k

αk =
qEkξk
2h̄

ei(δk·tD+θ) × tD, (11)

where each mode will see a different projection of the elec-
tric field Ek, a different detuning δk and will be character-
ized by a different characteristic coordinate ξk. In order
to accommodate the phases originating in the Bogolubov
transforms, both Ek and ξk are understood as complex
numbers for radial modes.
We consider a uniform (but time-dependent) electric

field with components in all axes E(t) = cos(2πνDt)(Exi+
Eyj + Ezk). Since the motions in the axial direction and
radial plane are decoupled in the Penning trap, the effect
of the field on them can be also treated separately.
Both axial modes see the same electric field intensity

Ez,± = Ez, and have different characteristic coordinates

ξz,± = c±Z±, (12)

with Z± =
√
h̄/(2msΩ

±
z ) and c± = c±s + c±t /

√
μ, where

c±s and c±t are coefficients that can be understood as the
components of the unitary matrix diagonalizing the matrix
of the axial potential energy.
For radial modes, we must distinguish the electric field

seen by the modified-cyclotron modes Ec′,± = (Ex −
iEy)/

√
2 and by the magnetron modes Em,± = E∗

c′,±. Re-
garding the characteristic coordinates

ξc′,± = Xs

(
us
c′,± − ivsc′,±

)
+Xt

(
ut
c′,± − ivtc′,±

)
, (13)

ξm,± = −Xs

(
us
m,± + ivsm,±

)
−Xt

(
ut
m,± + ivtm,±

)
, (14)

where Xt =
√

h̄/mtω1,t and Xs =
√

h̄/msω1,s and uj
k, v

j
k

are components of the Bogolubov transformation matrix
V diagonalizing the radial Hamiltonian2.

2The Bogolubov transformation matrix V is shown in the SM.
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Fig. 3: Absolute values of the characteristic coordinates |ξk,±|
for k ∈ {z, c′,m} as a function of μ and in units of Z0 =√

h̄/(2msωz). In this calculation, ωz/ωc = 0.03719.

All characteristic lengths are plotted in fig. 3 as a func-
tion of μ and for a trap characteristic ωz/ωcs = 0.03719.
All of them are expressed in units of the axial ground state
extension of the sensor ion in isolation Z0 =

√
h̄/(2msωz).

For balanced crystals (μ = 1) the dipolar field only couples
to the center of mass mode (−). Otherwise, all modes can
be addressed, albeit the magnetron (+) mode features the
weakest coupling to the dipolar field, thus requiring elec-
tric fields stronger by even a couple orders of magnitude
for similar accuracies.

The read out process consists in mapping the overlap
between the initial ground state and the displaced states
(〈0|D̂(α)|0〉2) through the encoded qubit formed by the
2S1/2 (|↓〉) and 2D5/2 (|↑〉) states in 40Ca+ using RAP,
i.e., by applying a frequency-chirped pulse with Gaussian
envelope centered first at the carrier frequency and then
at the first blue sideband (BSB). RAP has been performed
on 40Ca+ using the transition 2S1/2 → 2D5/2 [29,30]. The
population in the ground state (|0000000; ↓〉) can be de-
termined using the 2S1/2 → 2P1/2 transition, by observing
the 397 nm photons. This is done for several frequency val-
ues of the field applied, in order to build a resonance curve
around each of the mode’s frequency. The time needed
for the measurement depends on tD, the evolution time
of the system T , which produces an accumulated phase
Φ = δ × T , and on the time for state read out. This is
done for different oscillations frequencies of the electric
field around that of the mode to be driven. The final un-
certainty in the standard quantum limit depends on T ,
tD, the number of measurements N , and |αk| [27].

The apparatus and experimental results. – Mo-
tional quantum metrology proposed in this manuscript
will be carried out with the open-ring Penning trap of the
TRAPSENSOR facility [23,25]. The center of the trap is
located in a highly homogeneous region of a magnetic field
with an intensity of 7 tesla provided by a superconducting
solenoid (ΔB = 0.1 ppm in a volume of 1 cm3). Figure 4
shows a three-dimensional CAD drawing of the trap (left)
and a longitudinal cut (right). Calcium ions are produced
inside the Penning trap [23], or outside the superconduct-
ing solenoid in an open-ring Paul trap [39]. The calcium
atoms are released in both systems by heating a commer-
cial atomic oven, placed with a certain orientation around
the trap volume. The evaporated atoms interact with two
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B

B

B B

Fig. 4: CAD drawings of the open-ring Penning trap: three-
dimensional drawing (left) and longitudinal cut (right). The
color gold/orange indicates the electrodes while grey/blue is
used for the insulators. See text for further details.

laser beams, one tunable to drive the transition 0S0 → 1P1

of the calcium atom (λ ∼ 423 nm) and the other one at a
fixed wavelength (λ = 375 nm) to move the excited elec-
tron to the continuum. By tuning the frequency of the
first laser, it is possible to select any of the calcium iso-
topes present in the sample. When the ions are produced
inside the Paul trap, they have to be ejected, transported
and captured in the Penning trap. Using the two produc-
tion schemes, Doppler cooling has been performed on ion
clouds, forming balanced crystals and reaching the sin-
gle ion sensitivity [39]. This requires ten different laser
frequencies tuned with an absolute accuracy of 10MHz,
compared to just the two values needed in the absence
of a strong magnetic field [23]. Due to the high intensity
of the field, the non-degenerate 2P1/2,m1/2

and 2D5/2,m5/2

states are mixed [40].
The right part of fig. 4 shows schematically twelve laser

beams (to cool the ions in the axial and radial direction).
The transitions 2S1/2,±1/2 → 2P1/2,∓1/2 for cooling and
read out, and the transition 2S1/2,−1/2 → 2D5/2,−5/2

to generate and manipulate the quantum bit from the
coherent state to other configurations, are shown. Note
that the qubit transition is not optimal for the axial
modes but it might work out assuming the angle be-
tween laser beam and magnetic field is slightly deviated
from 90 degrees. The laser frequency values have been
summarized in ref. [23] and the calculations presented in
detail in ref. [25]. The status of the experiment is briefly
summarized in fig. 5:

a) EMCCD image of the collimated 397 nm photons
from two ions forming a crystal along the magnetic-
field axis of the Penning trap. In this measurement,
the ions were created inside the Penning trap. In
this case ωz ≈ 2π × 170 kHz, implying for the bal-
anced crystal, a distance between the centers of the
projections of the photons distributions along the B
line of about 18μm. The distance of 9μm (Ω−

z =
2π × 500 kHz) is also indicated in the figure (yellow
dotted lines). A photomultiplier tube has been also

zr

B

Fig. 5: Some pictures summarizing the status of the experiment
and what has been reached so far: (a) image of a balanced crys-
tal (40Ca+-40Ca+) in the open-ring Penning trap obtained with
an electron multipliying charge-coupled device (EMCCD) [39].
(b) Time-of-flight (tof) spectrum showing ions from different
calcium isotopes, ejected from the Penning trap and recorded
with a micro-channel plate (MCP) detector (blue solid line).
Also shown is the tof spectrum of 48Ca+ ions (grey-shaded
area) when removing the other isotopes using the stored wave-
form inverse Fourier transform (SWIFT) technique [41]. (c) Al-
lan deviation (ADEV) from a frequency comb measurement
of the laser frequency locked to a high-finesse cavity to drive
the dipole-forbidden transition 4s2S1/2,−1/2 → 3d2D5/2,−5/2.
The frequency drift as a function of the time is 325mHz/s in
30 hours of measurement [42].

installed together with the EMCCD, allowing record-
ing high signal-to-noise ratios for a single trapped ion
within acquisition times in the order of milliseconds.
A full and detailed description of this setup and mea-
surements is given in ref. [39].

b) Time-of-flight spectrum showing different calcium iso-
topes produced inside the Penning trap and ejected
towards an MCP detector. The photoionization laser
was tuned to be in resonance with the 0S0 → 1P1

transition in 48Ca. Due to its low natural abundance
(0.187%) compared to that of 40Ca+ (96.941%), the
latter is observed in the spectrum with the same in-
tensity as 48Ca+. Such a configuration anticipates
that it will be possible to form an unbalanced 48Ca+-
40Ca+ ion crystal prior to the 232Th+-40Ca+ one, to
carry out a proof of principle experiment. A mini ra-
diofrequency quadrupole (RFQ) structure [43] built
by the group of Michael Block, is currently under
commissioning in the beamline to produce and in-
ject 232Th+ ions in the Penning trap. Besides tho-
rium ions, the mini-RFQ will allow injecting other
ion species produced from metallic samples by laser
ablation (for laser ablation see, e.g., [44]).

c) Allan deviation from a 30 hours measurement of the
laser frequency generated by a tunable diode laser
locked to a high-finesse temperature-stabilized cav-
ity, to drive the qubit transition in 40Ca+. The
frequency was measured by means of a frequency
comb [42]. The frequency drift vs. time is 325mHz/s.
The implementation of the acoustic optical modula-
tors (AOMs) required to match the frequency of the
laser beam after the cavity to that of the transition
2S1/2,−1/2 → 2D5/2,−5/2 is under way and will be
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firstly tested in a linear Paul trap. Such AOM will
also allow shaping the frequency-chirped pulse for
RAP. A transition with Δmj = ±1 that might be
used for the axial modes can be also tested.

The results shown in fig. 5 certify a significant progress
in the experiment. Two PhD Theses (by Joaqúın Berrocal
and Francisco Domı́nguez) are devoted to bringing the ex-
periment to the situation presented here and to optimize
it to meet the requirements for the proposed experiment.

Conclusions and perspectives with the Penning
trap platform. – In this publication, we have developed
the concept of motional quantum metrology to measure
motional frequencies of a two-ion crystal cooled to its
ground-state of motion in a Penning trap. Such a plat-
form is universal as it will always use the same qubit, the
2S1/2 (|↓〉) and 2D5/2 (|↑〉) states in 40Ca+, to measure the
modes’ frequencies of the crystal. The facility around the
open-ring Penning trap [23] is at the stage to carry out
the first proof of principle experiment in the short-term
future. Balanced ion crystals have already been produced
using ions generated with an external ion source [39], a
precursor to the formation of hybrid crystals. The perfor-
mance of the 729 nm laser locked to the high-finesse cavity
to drive the qubit transition meets the requirements [42].
The only remaining issue is to match the frequency of the
system to that of the transition, as the free spectral range
of the cavity is about 1.5 GHz. This is done by means of
two AOMs. The three eigenfrequencies of a single 40Ca+

ion needed to obtain ωcs can be measured utilizing the
same scheme as for the crystal. Such a procedure will al-
low obtaining measurements with uncertainties below the
standard quantum limit.
Besides the proposed motional quantum metrology ex-

periment, the two-ion crystal in the existing Penning trap
can be utilized to perform precision spectroscopy on any
target ion, taking the advantage of cooling it through the
sensor ion or implementing schemes and procedures such
as quantum logic [26] for accurate measurements of the
frequencies of narrow-linewidth transitions, although now
in the absence of RF fields. The 232Th atom for example,
has been investigated in several electronic charge states
with the motivation to make experiments on the low-lying
isomer 229mTh, proposed as the only candidate to build
a nuclear clock [31,32] (see also the recent review [45]).
232Th3+ and 229Th3+ ions have been laser-cooled in a
Paul trap [46,47]. Spectroscopy (without laser cooling)
on the 402 nm transition on 232Th+ has also been car-
ried out in a Paul trap using one- and two-photon laser
excitation [48]. A recent experiment has also been re-
ported on sympathetic cooling of 232Th+ via laser-cooled
40Ca+ ions in a linear Paul trap [33]. In our Penning trap
40Ca+-232Th+ configuration in the 7 tesla magnetic field,
the transitions in 232Th+ can be probed after cooling to
the ground state through the 40Ca+ ion, and the same can
be done with any ion from other thorium isotope delivered
by the source regardless of its charge state. The magnetic

field will break state degeneracy and this might also allow
for measurements of the electronic gJ -factors. Although
the production of 229mTh ions is cumbersome [49], the
confinement of a 229mTh ion will not differ from that of
232Th+ and the nuclear transition from the isomeric to
the ground state (at λ ∼ 150 nm) can be studied once
the crystal is formed. Note that the 229mTh atom has a
nuclear spin I = 3/2, that shifts the frequency of the tran-
sition by up to ν = gNμN/(hB), where gN is the nuclear
g-factor (which can be measured for the particular case of
229mTh), μN is the nuclear magneton and h the Planck’s
constant. 229mTh has to be produced and handled in ded-
icated facilities.
Another interesting case which can be handled with the

Penning-trap platform using a laser ablation ion source
is the 139La2+ ion, the hyperfine structure of which has
been studied [34] and a system for trapping and cooling
is under completion [50]. The transitions of interest for
this ion are the 2D3/2 → 2F5/2 and 2D5/2 → 2F7/2 with
λ ∼ 1390 and ∼ 1410 nm, respectively, which can be
accessed taking advantage of the available technology in
the telecom regime. In the Penning trap described here,
the 40Ca+-139La2+ crystal can be formed in the same way
as the 40Ca+-232Th1+ one by exchanging the thorium
by a lanthanum target. Thus, different experiments can
utilize the same qubit for readout. For spectroscopy,
although the high-intensity of the magnetic field will
produce many transitions, they can be driven or read
using electro-optical modulators.
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