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Abstract

The Penning-trap mass spectrometers providing the highest sensitivity are based on electronic detection and amplification of the
electric current a stored ion induces in the trap electrodes. This technique allows for very precise mass measurements using a single
ion in the trap, but it has not been yet demonstrated with a singly-charged heavy ion. The work presented in this paper is aiming at
building a novel Penning-trap system, where the electronic detection is substituted by the detection of fluorescence photons from a
laser-cooled 40Ca+ (sensor) ion. This will allow extending the applicability of single-ion Penning trap mass spectrometry to any ion,
regardless its mass or charge, which is a pre-requisite to perform precise mass measurements on heavy and super-heavy elements.
The system, developed in the framework of the project TRAPSENSOR at the University of Granada, is comprised of two traps, one
to store the probed ion and the other to store the sensor one. This paper reports on theoretical studies carried out to optimize the
geometry of this double micro Penning-trap system, which has been built together with the electronics.

Keywords: Ion traps, Laser cooling, Penning-trap mass spectrometry, Induced image current, Ion-ion coupling

1. Introduction

Highly accurate mass measurements on atomic and molec-
ular ions by means of Penning traps have been utilized, in
combination with other measurements, for the determination
of fundamental constants, to perform precision tests of Physics
laws, and to measure fundamental properties of elementary
particles [1, 2, 3, 4]. In all these Penning-trap experiments a
single ion is detected non-destructively, using variants of the
induced image-current (IIC) technique (see e.g. [5, 6, 7]).
However, the IIC technique has been applied so far to ions
with low or medium mass-to-charge ratios, and not to heavy or
superheavy elements with 1+ electronic-charge state.

The lowest relative mass uncertainty reported with the IIC
technique has been reached using 16O6+ (δm/m = 1.1 × 10−11)
[8]. The spectrometer is currently in operation at the Max
Planck Institute for Nuclear Physics in Heidelberg aiming at
measuring the masses of T+ and 3He+ [9] to contribute to the
determination of the mass of the electron antineutrino with
a sensitivity of 0.2 eV/c2, once these masses are combined
with the decay measurements carried out by the international
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collaboration KATRIN (KArlsruhe TRItium Neutrino experi-
ment) [10]. Extending the applicability of single-ion Penning
trap mass spectrometry to singly-charged heavy ions is also of
interest for similar experiments performed on the ion species
involved in the decays from 187Re to 187Os [11] and from 163Ho
to 163Dy [12, 13, 14], and it is highly desirable to perform
mass measurements on Superheavy elements (SHE) produced
in fusion-evaporation reactions with very low cross sections,
since they are thermalized in a gas-filled stopping chamber
and reach the measurement trap with an electronic-charge state
of 1+ or 2+ [15, 16, 17]. The relative mass uncertainty for
187Re+-187Os+ and 163Ho+-163Dy+ has to be in the order of
10−12 to contribute to the determination of the neutrino mass,
and just at the level of 10−7 for SHE studies.

A new method referred to as Quantum Sensor (QS), was
proposed and described in detail in Ref. [18], in order to
overcome the present mass limit in reach with the single-ion
IIC technique. This method consists in replacing the resonant-
circuit or SQUID, operated at 4 K, by a laser-cooled 40Ca+

ion oscillating in a contiguous trap, with a motional energy
of about 1 mK. The detection is done by monitoring the
axial oscillation frequency through the fluorescence photons
emitted by the laser-cooled 40Ca+ ion, following the same
principle as the method previously proposed by D.J. Heinzen
and D.J. Wineland [19]. The radial degrees of freedom can
be coupled to the axial one using side-band drives [6]. The
interaction between the heavy or superheavy ion and 40Ca+ oc-
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curs through interconnected image-current sensing electrodes3,
and the ultra-low temperature of the 40Ca+ ion will allow
determining the ion motional frequencies from minute currents
induced by an ion oscillating with very low amplitude in the
potential well of the trap. The QS method can be applied to
any mass-to-charge ratio, i.e., it is not limited by the resonance
frequency of the detection circuit.

In order to provide efficient ion-ion coupling, the size of
the trap, characterized by a parameter termed d has to be
reduced with respect to the size of existing Penning-trap mass
spectrometers (e.g. Ref. [8] where d = 2.11 mm). Regarding
accuracy, the ratio between the oscillation amplitude of the ion
and d must be kept small. The reduction of d is limited because
of the shift of eigenfrequencies due to image charges, scaling
this shift inversely as the inverse cube of the trap size, and
linearly with the electronic-charge state of the ion [21, 22]. The
stability of the magnetic field is also important, and this can
be monitored in the whole volume of the two traps from the
fluorescence signal emitted by the laser-cooled 40Ca+ ion on
probing one of its eigenfrequencies. This is possible due to the
small size of the traps (d = 1 mm) and the large volume (1 cm3)
where the magnetic field is homogeneous to the 0.1 ppm level.
The full system might be also built with a third trap so that
the probed ion can be shuttled from/to the double microtrap
system [23]. The layout of the facility to implement the QS
at the University of Granada in the framework of the project
TRAPSENSOR was shown in Ref. [24].

This paper will be devoted to study the suitability of a specific
geometry to build the double micro Penning-trap mass spec-
trometer to improve sensitivity and to extend the applicability
of single-ion Penning trap mass spectrometry. The geometry
decided for the experiment has been also adapted to fit the mi-
crofabrication and assembly to electronics.

2. Electrostatic potential in a Penning trap

The Penning trap is a device where ions are confined by
the combination of an electrostatic and a magnetic field [25].
A sketch of a possible implementation of the Penning trap is
shown in the left side of Fig. 1. The trap in this figure is made
of a central ring electrode and two endcaps shaped in a way to
create an electrostatic quadrupole potential. The magnetic field
~B is in the axial direction (~z), and the voltages to generate the
electrostatic potential are applied to the endcaps with respect
to the ring electrodes. The right side in Fig. 1 illustrates the
equipotential lines of the quadrupole field, which in the case
of the hyperbolic Penning trap (left side of Fig. 1) follows the
shape of the electrodes.

The motion of an ion with mass m and charge q in a Penning
trap can be described as the superposition of three independent
motions [25]. The oscillation amplitudes associated with these

3For laser cooling in an ion trap, see e.g. Ref. [20].
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Figure 1: Left: Sketch of a hyperbolic Penning trap with revolution symmetry
along the z axis. The thick arrows represent the direction of the forces the ion
experiences due to the electrostatic field, which confines an ion in the axial
direction (z). The magnetic field (~B) counteracts the effect of the electrostatic
field in the radial direction (ρ). Right: Equipotential lines of the quadrupole
field. z0 and ρ0 are the characteristic dimensions of the trap, which in the case
of the hyperbolic Penning trap are defined as the distance from the electrode to
the trap center.

motions are represented by ρ+ (reduced-cyclotron), ρz (axial)
and ρ− (magnetron). The motion in the axial direction, parallel
to the magnetic field lines, has the characteristic frequency

νz =
1

2π

√
q V0

m d2 , (1)

where V0 is the potential difference between the endcap and the
ring electrode, and d is defined as

d =

√
1
2

(
z2

0 +
1
2
ρ2

0

)
. (2)

z0 and ρ0 are the characteristic dimensions of the trap shown in
Fig. 1. The other two motional degrees of freedom are in the
radial plane, and they are referred to as reduced-cyclotron, and
magnetron motion with characteristic frequencies given by

ν+ =
νc

2
+

√
ν2

c − 2ν2
z

4
, (3)

and

ν− =
νc

2
−

√
ν2

c − 2ν2
z

4
, (4)

respectively. νc is the cyclotron frequency of an ion in a mag-
netic field in the absence of any electrostatic field, and is given
by

νc =
1

2π
q
m

B, (5)

which relates directly the mass-to-charge ratio of the ion to the
observable frequency. In order to perform precise mass mea-
surements, the magnetic field must be strong (on the order of
several Tesla) and with an inhomogeneity on a ppm level in the
center of the trap across the volume of the ion’s motion. The
frequency νc can be unfolded from the relationship

ν2
c = ν2

z + ν2
+ + ν2

−, (6)

known as invariance theorem [25], which holds in any (non-
ideal) Penning trap. The characteristic frequencies also follow
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the relationship

ν+ � νz � ν−. (7)

A real Penning trap will have, in general, a different geometry
than the one sketched in Fig. 1, and thus it is not straightforward
to define V0, z0 and ρ0. In order to obtain these parameters, the
electrostatic potential can be expanded around the trap center,
where the first and mixed-second order derivatives vanish due
to the quadrupole symmetry. For the axial direction one can
write:

V(z) ≈
1
2
∂2V
∂z2 z2 = C2 z2, (8)

and

νz =
1

2π

√
2 q
m

C2, (9)

which can be used for any kind of trap instead of Eq. (1),
regardless of the geometry. The coefficient C2 will define the
axial oscillation frequency which needs to be measured and
also to be used to determine the other motional frequencies ν+

and ν− and in this way the mass of the probed ion.

Within the work presented in this manuscript, V(x, y, z) has
been obtained by solving Laplace’s equation. Depending on the
geometry of the trap, this equation can be solved analytically,
directly or using Green’s functions, or numerically.

3. Ion-ion interaction in the Quantum-Sensor approach

The Quantum-Sensor (QS) approach is schematically shown
in Fig. 2 [18]. Since the detection procedure relies on the
charges the ions induce in an interconnected image-current
sensing electrode, one needs to consider the force which stems
from the charge induced by the probed ion and the effect of this
force on the sensor ion.

3.1. Force due to the probed ion
The potential ∆U due to the induced charge Qind by the probed
ion in the interconnected image-current sensing electrodes will
induce motion on the sensor ion, transferring energy and caus-
ing it to oscillate. This electric potential reads

∆U =
Qind

CT
, (10)

where CT is the capacitance of the interconnected image-
current sensing electrodes seen by the probed and sensor ions.
Qind cannot be calculated directly, and it is necessary to inte-
grate its time derivative. In the axial direction (z-axis and unit
vector êz), the current induced for an ion with electronic charge
q is given by

Q̇ind =
~vz · q~E

V ′
, (11)

B (DB = 0.1 ppm)

Figure 2: Schematics of the double micro Penning-trap mass spectrometer
based on interconnected ions. Each trap is represented by two parallel plates
perpendicular to the magnetic field axis. The homogeneity of the magnetic field
is 0.1 ppm in a volume of 1 cm3. The probed ion is depicted in red and the sen-
sor one in blue. All the eigenfrequencies will be detected through the axial
motion [18].

where ~E is the electric field due to the potential V ′ applied be-
tween the interconnected image-current sensing electrodes and
the opposite ones, and ~vz, is the axial velocity of the ion in the
trap which can be written as

~vz = −ωz ρz sin (ωz t) êz, (12)

or equivalently like

~vz = −ωz

√
2qUz

mω2
z

sin (ωz t) êz, (13)

where qUz is the axial energy of the ion. The ratio E/V ′ in
Eq. (11), equals the inverse of the distance between the elec-
trodes considering them as parallel plates. For a more general
geometry, V ′ arises from the normalization of the electric field
with respect to an unknown potential value. This is a result after
unfolding the potential using Green’s functions for a constant
electrode. The expression for such a potential is

V
(
~r
)

= V ′ f
(
~r
)
, (14)

where f (~r) is a function which can be related to the electric field
and the potential through

~E
V ′

=
∂ f

(
~r
)

∂z
êz, (15)

for a normalized field along the trapping axis. Qind can be cal-
culated integrating Eq. (11). Using the result in Eq. (10), yields

∆U =
ρz qE
CT V ′

cos (ωzt) . (16)

3.2. Effect on the sensor ion

The potential induced in the interconnected image-current sens-
ing electrodes is a harmonic function, and thus the energy trans-
ferred to the laser-cooled ion, provided this and the other ion

3
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move with the same oscillation frequency, can be modeled as a
forced oscillator, i.e., following the well-known equation200

d2z
dt2 + ω2

z z =
F0

m
sin (ωz t) , (17)

which has the general solution

z (t) = b t cos (ωz t + φ) , (18)

where b represents the increase rate of the amplitude with time.
This parameter is used to compare the strength of the ion-
ion coupling among different geometries, since physically, the
maximum amplitude is limited by the oscillation amplitude of
the hotter ion. Inserting this equation into Eq (17), yields

b =
F0

m
1

2 ω
. (19)

For any trap, F0 can be written as the product of the charge
and the field created by the potential ∆U. Combining the last
equation with Eq. (15) and taking V ′ = ∆U, one can obtain

b =
q ∆U

m
1

2 ω
∂ f

(
~r
)

∂z
(20)

4. Micro-trap geometry

Different geometries for the double micro Penning-trap sys-
tem have been studied (see Figs. 3 and 4). In all cases the axial
frequency, νz was fixed at 100 kHz in order to have the pa-
rameter b, directly related to the time needed to exchange the
energies between the sensor ion (cooled) and the probed ion
(hot), as large as possible, within the limits imposed by the po-
tentials applied to the electrodes (see Eq. (1)) [18]. Smaller
trap size allows also for smaller times [19]. Besides the elec-
trostatic quadrupole potential, the frequency and frequency sta-
bility, several issues are important to decide which geometry is
the most suitable for the project TRAPSENSOR:

• Revolution symmetry around the magnetic field axis

• Optical access to the sensor ion in the radial direction

• Injection and capture of ions created outside the Penning-
trap system

• Easy tuning for any mass-to-charge ratio

• Strong ion-ion coupling through the interconnected image-
current sensing electrodes

• Small ρz-to-z0 ratio

In the following, only the geometry referred to as open-ring
trap will be presented. The outcomes from the other geometries
studied (shown in Fig. 3) are summarized in Tab. 1.

The open-ring trap is an adapted version of the transparent
Paul trap used in the project TRAPSENSOR to study Doppler
cooling of the 40Ca+ ion [26]. A technical drawing of the

V1

ρ1

V3

V2

ρ2

ρ3

z

ρ φ

B

B

z0

z0

Ion 1

Ion 2

a) b)

Common 

endcap

1

ρρρρ1 = 1.09 mm

ρρρρ2 = 6.00 mm

ρρρρ3 = 8.23 mm

Common 

endcap

a)

b)
B

Ion 1 Ion 2

z0 z0

Endcap Endcap

V0

Vc

ze zcz0

CorrectionCorrection Ring

z

Coupling 

electrodes

2

ρ0
ρρρρ0/z0= 1.024

zc/z0= 0.835

ze/z0= 4.327

Figure 3: CAD drawings of standard trap geometries studied in this work for the
development of the double micro Penning-trap spectrometer; a) configuration
for a single trapped charged particle and b) projection for two ions stored in
different traps. 1) Planar trap [27, 28] and 2) cylindrical trap [29].

longitudinal cut of the modified trap is shown in Fig. 4. The
electrode added to the initial configuration is marked in red,
and the new parameter L, is taken as a variable.

The potential function for this trap has no analytical solution
and thus, the finite-difference method will be used (see e.g.
[30]). The coefficients to calculate the frequency and its shift
are obtained from a fit to the potential near the center of the
trap (∆z = ±4 mm and ∆ρ = ±5 mm), using a sixth order poly-
nomial

V(ρ, z) = C0 + C2

(
z2 −

ρ2

2

)
+C4

(
z4 − 3 ρ2z2 +

3
8
ρ4

)
+C6

(
z6 −

15
2
ρ2z4 +

45
8
ρ4z2 −

5
16
ρ6

)
. (21)

The odd coefficients will vanish due to the symmetry around
the z-axis. The coefficient C4 is used to calculate the frequency
shift

∆νz =
3 q C4 kB T
16 π4 m2ν3

z
, (22)

obtained in a similar way as using Eq. (9) for a non-hyperbolic
trap [31]. The effects of higher order coefficients are negligible.
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Table 1: Potential due to the charge induced in the interconnected image-current sensing electrodes (∆U) and transfer constant (b) for the system 187Re+-40Ca+ for
different trap geometries. Two of the electrodes have been considered, for each to the trap geometries shown in Figs. 3 and 4. The energy of 0.025 eV corresponds
to a temperature of 300 K. ∆U is calculated considering a 187Re+ ion, while 40Ca+ is used for the calculation of b. ρ0 = 1 mm for cylindrical trap 1 and 1.5 mm for
cylindrical trap 2.

Planar Trap Cylindrical Trap 1 Cylindrical Trap 2 Ring Trap
E (eV) 0.025 0.025 0.025 0.025

∆U1 (V) 1.69 × 10−9 1.92 × 10−9 1.10 × 10−9 2.88 × 10−10

b1 (m
s ) 1.32 × 10−6 1.70 × 10−6 5.55 × 10−7 3.81 × 10−8

Electrode 1 V1 Correction Correction Coupling
in Fig. 3 in Fig. 3 in Fig. 3 in Fig. 4

∆U2 (V) 9.38 × 10−10 - - 1.17 × 10−9

b2 (m
s ) 4.04 × 10−7 - - 6.32 × 10−7

Electrode 2 V2 - - V1
in Fig. 3 in Fig. 4

btotal (m
s ) 1.72 × 10−6 1.70 × 10−6 5.55 × 10−7 6.68 × 10−7

B
10 mm

Ion

Injection

Coupling electrode

V1

V2

V3

Lz

y

x

ρ

ϕ

Figure 4: Technical drawing of a longitudinal cut of the modified open-ring
trap, which has revolution symmetry along the z-axis. For the final system, the
scale is reduced by a factor of 10. The previously existing electrodes are shown
in dark orange, the one added in this work is shown in red, and the insulators to
fix the structure are shown in light orange.

The procedure of calculating the equipotential lines and per-
forming the fit was repeated for several values of L. The final
value was obtained by fitting a linear function to the data (C4
versus L) and by solving for the zero of the fit function. After
this, the size of the trap in Fig. 4 was reduced by a factor of 10.
This is a good compromise to maintain the frequency shifts due
to image charges as small as possible. Following the notation
given in Ref. [22], where the author assumed a spherical trap,
this frequency shift is given by:

δ =
3
2

qc
Ba3 , (23)

where a is the radius of the trap. Comparing the size of
the trap developed in this work with the trap described in
Ref. [8], it yields a shift δ a factor of 8 larger, which can be
only counteracted by using the lowest electronic-charge states
(1+-2+) of the heavy or superheavy ion. In addition, the ions
can be easily shuttled into and from the system to another trap,
making this method universal.

The final system comprises two identical traps, one for 187Re+

(probed ion) and the other for 40Ca+ (sensor ion). In order
to study the suitability of the trap geometry, we will start

with the calculation of the potential ∆U due to the charge
induced and the transfer constant b defined in Eqs. (16) and
(19), respectively. Table 1 gives the values of ∆U and b for
the geometries shown in Figs. 3 and 4. For the calculations
CT = 10 pF and B = 7 T.

The planar trap was conceived for electrons and the work
was focused on reducing the axial-frequency shift. These
traps do not meet the requirements for heavy ions in terms
of a low detection frequency, and simultaneous adjustment of
frequency and frequency shifts, considering ion species with
very different masses like 187Re+ and 40Ca+. Furthermore, the
traps for these two ion species cannot be identical and the con-
figuration does not allow for injection of ions created externally.

The cylindrical trap might be more suitable than the open-ring
trap, since the charge induced by the probed ion in the inter-
connected image-current sensing electrodes is larger by a fac-
tor of ∼ 2 (if ρ0 = 1 mm). Both geometries permit the injec-
tion of ions created outside the trap as it happens in the project
TRAPSENSOR. However, the open geometry of the ring trap
allows accessing radially the 40Ca+ ion with the lasers and col-
lecting fluorescence photons, opposite to the cylindrical trap
where one would need to create holes, modifying the radial
symmetry of the trap potential.

5. Micro-trap implementation

The double Penning-trap system has been microfabricated
using laser-induced etching processes [32] and standard
metallization techniques. The ion trap is structured on fused
silica with a depth of 40-60 µm by laser induced wet etching.
The trap electrodes are grown by sputtering of Au on top of the
microstructured fused-silica substrates.

The electrode configuration shown in Fig. 4, and scaled down
by a factor of 10, was modified again for the fabrication. The
final micro Penning-trap system is an arrangement of several

5
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V3V1 V2

F

Laser

beams

Figure 5: Right: cut from a 3D-CAD drawing of a Penning trap made of disks, indicating the dimensions in millimeters. Center: front view of two contiguous
fused-silica wafers. The electrodes used for ion-ion coupling are shown in red and dark orange. Two of the electrodes are four-fold segmented to apply external
radiofrequency fields allowing for axialization (sensor ion), excitation of the ion’s eigenmotions and side-band drives in both traps. Right: longitudinal view showing
the equipotential lines of the quadrupole field. Φ = 400 µm. The horizontal dotted line serves to indicate the fraction of the fused-silica wafers shown in the two
dimensional views.

disks made of fused-silica wafers with a thickness of 500 µm.
A cut of a 3D view of one trap, made of four wafers, each
of them containing two electrodes, is shown on the left side
in Fig. 5. The center shows a front view of two contiguous
wafers, where the electrodes for ion-ion coupling are marked
in red and dark orange, and the right side shows a longitudinal
cut with the equipotential lines generated by the quadrupole
electric field. The injection of the ion/s into the trap is very
important for the final design. Micro-traps are used often
in experiments where ions are created inside the trap, either
by electron bombardment or by photoionization [26]. The
final goal in the project TRAPSENSOR is to use ions created
outside the trap by laser desorption [33], which are injected
into a so-called preparation Penning trap, where cooling and
mass separation is performed [34], to be finally transferred
into the double micro Penning-trap system where they enter
through a hole with a diameter Φ (see Fig. 5).

The optimization procedure, in order to adjust the C2 and C4
terms, is an iterative process fixing V3 and the voltage on the
coupling electrode to 0 V, and following the two steps given
below:

• Fixing Rv = −V2/V1, a value of V2 is obtained which
makes νz = 100 kHz.

100 200 300 400 500 600
-12

-10

-8

-6

-4

-2

0

 

 

∆
b
/b
m
a
x
 (
%
)

Φ (µm)

Figure 6: Deviation (decrease) of the parameter b as a function of the aperture
Φ of the trap for injection of the ions.

• Maintaining V2 constant, a value of Rv that makes C4 = 0
is deduced.

At the end, a fine adjustment for the final frequency as a
function of V2 with C2 and C4 almost constant is performed.
This has been done for several apertures. A larger aperture
would favor the injection of the ion but will reduce the

6
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Ca
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ν
z
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1

-V
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 (
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Figure 7: Voltages V1 and V2 (Fig. 5) as a function of the axial oscillation
frequency for 40Ca+ and 187Re+. Rv is constant, and ∆νz (Eq. 22) is kept below
0.4 Hz. The final values of V1 and V2 to operate the traps will be biased to
match the kinetic energies of the injected ions.

coupling strength quantified here through the parameter
b, (see Eq. (20)). Figure 6 shows the relative deviation
of the parameter b as a function of Φ. The final value of
Φ = 400 µm was adopted, which is a good compromise. C4
is in the order of 10−8 V/(100µm)2, Rv(40Ca+) = 1.8419 and
Rv(187Re+) = 1.8633. ∆νz is 0.1 mHz for 40Ca+ at 1 mK, and
0.07 Hz for 187Re+ at 5 K. b1 (coupling electrode, depicted
in red in Fig. 5) is 3.24 × 10−7 m/s, which is a factor of ∼ 3
larger than b2 (V1 in Fig. 5, depicted in dark orange). The
oscillation frequency of the ions in the trap can be easily tuned
maintaining Rv constant, and varying V1(V2) as shown in Fig. 7.

Simulations were carried out using SIMION to study the
trapping efficiency. Figure 8 shows the potential shape along
the z-axis to trap the ions in the double micro Penning-trap
system. The ions are first trapped, and cooled in a preparation
Penning trap (PPT) [34]. Thereafter they are released to the
double micro Penning-trap system. A 2D drawing of this
section is shown on top. The PPT, diaphragm and first lens
in the time-of-flight (TOF) section are colored in grey scale.
z = 0 is taken as the center of the distance between the two
homogeneous regions of the magnetic field. The dotted-red
line is the potential shape for ion injection in the first (A)
and second trap (B). The solid-blue line is the potential shape
to trap ions in the micro-traps system. Figure 9 shows the
expected trapping efficiency for 40Ca+ ions as a function of
the waiting time after the ions are extracted from the PPT.
1000 ions within an energy distribution around 300 K, were
fired in these simulations to obtain each data point. The ion
distributions were built from the results of the measurements
carried out with the PPT. All ions entering the trap system are
trapped. However, only about 20% of the ions delivered by the
PPT after applying the buffer-gas cooling technique [35], pass
through the nozzle-type diaphragm.
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Figure 9: Results from the simulations performed with SIMION to trap 40Ca+

ions in the second micro Penning-trap of Fig. 8. More details are given in the
text.

5.1. Electronics for ion-ion coupling

The stability in frequency required during the energy ex-
change process is related to the time (tex) needed to exchange
the energy between the probed and the sensor ions given by [19]

tex = 2π2νzCT

(
D
αqs

) (
D
αqpr

)
√

msmpr, (24)

where D ≈ 2z0, qpr and qs are the electronic charge states of
the probed and sensor ions, respectively, and mpr and ms, their
masses. The geometrical factor α [19] is 0.62645 for the trap
developed in this work. Under these conditions, the frequency
should be stable within the range from 3.5 to 10 mHz in order
to achieve an efficient ion-ion coupling for singly-charged ions
in the mass range from 40 to 270. Using Eq. (9), the relative
voltage variation has to be between 1 × 10−7(270Db+) and
2.6 × 10−7(40Ca+). The Allan curve [36] obtained from the
measurements, when setting the voltage to 0.8 V, has yielded
a relative voltage stability around 1.2 × 10−7, even when the
voltage source was connected to the digital multimeter through
a low-noise switch. For all the calculations CT = 1 pF, which is
a factor of 3 larger compared to the value quoted in Ref. [19].400

In order to have small capacitances, the electronic circuits are
located at the shortest possible distance (Millimeters) to the
traps, completely surrounding the electrode disks.

The circuit diagram of the electronics for each of the traps of the
double micro Penning-trap system is shown in the upper part of
Fig. 10. These electronics consist of low pass filters in order to
ensure a noise free and electrically stable environment for the
ions, and provide the possibility to monitor their axial motion
using image charge detection by tailored cryogenic low noise
GaAs FETs (transistor S in the figure). As one can see in the
inset of the lower part, electronics and trap structure are merged
together into the same geometrical plane, forming a novel func-
tional entity of trap and electronics. This allows minimizing all
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Figure 8: Left: Shape of the potential along the z-axis from the center of the preparation Penning trap (1) [34] to capture and to eject afterwards the ions into the
double micro Penning-trap system. (2) indicates a pumping barrier and (3) the beginning of the time-of-flight section behind the traps. Right: Zoom of a 3D CAD
drawing of the double micro Penning-trap system. The support disks for the trap assembly are not colored and the electronics is not shown.

parasitic stray capacitances, thus optimizing the ion-ion cou-
pling efficiency and achieving higher ion detection sensitivity.
The electrodes on the left side are pulsed together with the noz-
zle to capture the ions. V1, V2 and V3 were defined in Fig. 5.
There is no specific electrical switch for ion-ion coupling, even
though the design is already prepared for utilizing a FET switch
for this purpose, but the ions will be coupled or decoupled by
adjusting the trapping potential which defines the axial oscil-
lation frequency of one of them. The induced image charge is
picked up from the coupling (R) and E1 electrodes, which are
coupled together for AC but decoupled for DC via CC. The ca-
pacitor CF provides an image charge signal to be connected to
the adjacent trap for ion-ion coupling. The lower part shows
a picture of the system assembled with the electronics printed
circuit boards made of Rogers 4350B material with a thickness
of 0.76 mm and a copper layer of 35 µm [37]. These PCBs can
be seen more clearly in the inset.

6. Conclusions and outlook

The work presented in this paper has resulted in an optimal
configuration for the double micro Penning-trap system to be
built within the project TRAPSENSOR in order to perform
high-precision mass measurements using a laser-cooled ion
as a detector. This technique should provide unprecedented
sensitivity, since very small oscillation amplitudes of the
probed ion will be detected. In order to choose the electrode
configuration, an exhaustive study using analytical and numer-
ical methods has been carried out to calculate the electrostatic
potential generated by three different geometries: 1) a planar
trap conceived for experiments with electrons [27, 28], 2) the

conventional cylindrical trap [29], which is used for example
for preparation of the ions in the project TRAPSENSOR, and
3) the open-ring trap, which might be considered as a modified
geometry from the original hyperbolic trap. This trap has been
successfully tested showing laser cooling on a single 40Ca+ ion
[26].

After deciding on the geometry to be used, this was adapted
to a microfabrication process. The electronics was inserted in
a printed circuit board made of Rogers material (4350B), and
tested with a cold-head system down to 4 K before it was assem-
bled to the system. The on-going work is presently focussed on
the construction of the optical and cryogenic systems to oper-
ate the double micro Penning-trap system in the Penning-traps
beamline of the TRAPSENSOR facility at the University of
Granada.
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