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Abstract

The coherent coupling between a quartz electro-mechanical resonator at room temperature and
trapped ions in a 7 T Penning trap has been demonstrated for the first time. The signals arising
from the coupling remain for integration times in the orders of seconds. From the measurements
carried out, we demonstrate that the coupling allows detecting the reduced-cyclotron frequency
(v ) within times in the order of the decay-time constant of the energized resonator (below

10 ms), regardless of the data-acquisition time-window in use, and providing an improved
resolution compared to conventional electronic detection schemes. A resolving power

vy /Av, = 2.4 x 107 has been reached in single measurements. In this publication we present the
first results, emphasizing the novel features of the quartz resonator as fast non-destructive ion-trap
detector together with different ways to analyze the data and considering aspects like precision,
resolution and sensitivity.

1. Introduction

Mass measurements on exotic nuclei with Penning traps widely rely on destructive detection techniques,
like time-of-flight [1] or phase-imaging ion-cyclotron-resonance [2], to measure the cyclotron frequency of
the stored ions, after probing their eigenmotions and ejecting the ions out of the trap to a micro-channel
plate (MCP) detector. The time-of-flight (ion-cyclotron-resonance) technique has been successfully applied
to extreme cases, remarkably, to measure the masses of several nobelium (Z = 102) and lawrencium

(Z = 103) isotopes [3—5]. The phase-imaging (ion-cyclotron-resonance) technique has allowed recently
extending these direct mass measurements to the first isotope in the group of superheavy elements 2’ Rf

(Z = 104). Further extending these measurements to determine the nuclear binding energies of elements in
this region up to Z = 118, has a strong interest due to the predicted enhancement of stability of these nuclei
against fission (see e.g. [6]). 2’Rfis produced in a fusion-evaporation reaction with a cross section of

~15 nb, which considering the efficiency of the SHIPTRAP Penning-trap facility [7], results in a maximum
rate of a single trapped ion every thirty minutes. Such yield is further reduced (approximately a factor of
three per atomic number) towards Z = 118. This calls for the implementation of a new non-destructive
Penning-trap detector with maximum efficiency and ultimate sensitivity. In a Penning trap the ions are
confined by the superposition of a high-homogeneous magnetic field and a quadrupolar electric potential
[8]. The magnetic field Be, is in the axial direction and the motion of ions with a mass-to-charge ratio m/q

© 2021 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Left panel: ions signal (dip) observed from the coupling between *’Ca™ ions and the quartz crystal under
non-equilibrium. Right panel: conventional FT-ICR ions signal (peak) observed from the current induced by trapped “*Ca* ions
in the absence of coherent interaction between the ions and the resonator. The electronic noise or background (N) is also

shown. vy = 2.687 66141(4) MHz. The insets zoom the regions around the dip and the peak, of the ions signal (S)

minus background, and a Gaussian fit (red-solid line) yielding w, = 27 x 2.687 660 19(4) MHz (left panel) and

w4 = 27 X 2.687 660 13(4) MHz (right panel). The FWHM of the dip is 295 mHz, while that from the peak is 575 mHz.

is the superposition of three independent motions, one parallel to B with a characteristic frequency

1 qU
V, = — )
27\ m d?

(1)

being U the voltage that defines the confinement in the axial direction, and d is a characteristic distance
related to the distances from trap center to inner surfaces of the electrodes. The other two eigenmotions are
in the radial plane with frequencies v; (modified-cyclotron) and v_ (magnetron). These frequencies read

(2)

with )
v= —4ap (3)

Very recently we have reported the first experimental results utilizing quartz resonators for
measurements of v/, of stored *°Ca™ ions [9] using the Fourier-transform ion-cyclotron-resonance
(FT-ICR) technique [10, 11], and performed the first mass measurements using a quartz through a v
measurement on 2% Pb* ions [12], using FT-ICR combined with classical avoided crossing [13]. In this
publication we study the first coupling observed between trapped ions and a quartz resonator, having this at
room temperature. This coupling takes place within a short time window, where the resonator gains some
energy from the driving field, applied to probe one of the eigenfrequencies (v4.) of the ions stored in the
Penning trap. When the modified-cyclotron motion is coupled to the energized crystal, the ions’ signal is
observed as a dip on top of the noise (left panel of figure 1). When this coherence is lost during the
thermalization of the crystal, the signal becomes a peak (right panel of figure 1) [9, 12]. Both signals were
obtained from the Fourier transformation of the power dissipated on a fixed input resistance. Each set of
data points is the average of 20 single measurements considering the same acquisition (ACQ) time-window
of 4 s. The ACQ starts 2 ms before the driving field is stopped (left panel), and 90 ms after this has been
stopped (right panel). Besides the advantage of providing an improvement in resolution, the ions signal can
already be observed if the dip is only present for times in the order of milliseconds.

Although state-of-the-art nuclear models predict half-lives in the order of hundreds of years for
longest-lives isotopes of superheavy elements [14], a short measurement time is of prime interest for several
short-lived (neutron-deficient) superheavy isotopes and other rare nuclides that can be produced at
next-generation radioactive ion-beam facilities. This concerns Penning trap facilities like for instance MATS
at facility for antiprotons and ion research [15] and the single ion Penning trap SIPT at the facility for rare
isotope beams [16], where high-rates from very short-lived nuclei are expected. The features of the coherent
interaction between ions and crystal will be analyzed in this publication.
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Figure 2. (a) Time sequence indicating the delay (¢) between excitation (RF drive) and ACQ of duration At. (b) Schematics
showing the equivalent circuit to describe the interaction between the ions and the resonator [17]. The inductance

Lion = mD%;/(Nionq*), depends on the mass m1, the charge state g of the ions, their number Nj,,, and the effective distance Def,
which depends on the trap’s electrodes. The ion capacitance Cioy = 1/(w?Lion) shows the dependency with the frequency. The
resistance r inside the dashed box is introduced as a dissipative term which prevents a full short-cut. (c¢) Schematics showing the
mechanical coupling considering the ion and resonator as driven harmonic oscillators. The constant g describes the strength of
the coupling. The RF drive will be represented by the function €2(1).

2. Interaction between ions and quartz crystals

A quartz crystal has electrical and mechanical properties, which makes it different from a conventional
resonator. Once the external driving field is stopped, the energy stored in the crystal decays with a time
constant, of about 8 ms. For a certain time window, this effect can also be observed in the Fourier
transformation both for signals starting before of after the excitation. Besides the decay of the energy of the
crystal, it is possible to observe from the Fourier transformation of the electrical power, the coherent
coupling between the crystal and the ions as introduced in the left panel of figure 1. Two different but
complementary views to model the ion-crystal interaction are shown in figure 2(b) modeling the ion(s) by
an equivalent circuit where the ion(s) is(are) in equilibrium with the trap and the resonator [17], and
figure 2(c) considering the coupling of two harmonic oscillators, the ion(s) and the resonator. Both models
are equivalent for a certain phase of the ions’ motion and the crystal oscillation. For the equivalent-circuit
model, the electrical power through an input resistance Rinpy is given by

P= (|Z(w)‘ . I)Z/Rinput) (4)

where [ is the current induced by the trapped ions on one of the trap electrodes and Z(w) is the impedance,
which for the equivalent circuit (figure 2(b)) is a complex number, whose square modulus can be written as

2 R}
Z@) = — (5)
1+ {Qresf(wres) - [Qionf(wion)] }
where f(wres) = w/wres - wres/w) f(wion) = w/wion - wion/wa Qres = Ry \V Ctrap/Lres and Qjon = Ral
Lion/Cion- Lion and Cion are defined in the caption of figure 2. By introducing the resistance r in
figure 2(b), equation (5) becomes
RZ
1Z(w)|* = ! (6)

1 + R : + Q ( ) + QionRof (Wion) 2
T[I+Q'2 fz (Wion)] resf Wres 7'[ 1+Qi20nf2(wi0n)]

ion

The estimates of the equivalent circuit model are very useful for the spectroscopic study of the combined
trap-ion system. However, if we wish to study the dynamical response of both elements, it is more
convenient to use the equivalent model of two coupled oscillators (figure 2(c)) with frequencies
Wres = 2T X Verysial a0d Wion, respectively, and coupling constant g. The Hamiltonian has the form

H = hwiona'a + weeb'b 4+ BQ(1)b + hQU(1)* b + (hga'b + h.c.) (7)

where () is the driving field, which neglecting the counter rotating terms, it is given by () = €2
exp(—iwggt). The coupling constant g is a real or complex number that accounts for the strength and phase
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between the ions’ motion and the oscillation of the resonator. In particular, the equivalent circuit model is
recovered for a real and negative value of g = —|g| < 0, but other models are possible, accounting for
different phase relations between the ion and crystal oscillations. The system will evolve following a master
equation of the form

Oip = —%[H, pl+ Lilpl + La[p] (8)

where L, and L, are Lindblad operators that model the thermalization of ions and crystal. At a finite
temperature, these dissipators have the form

Lip) =207 1) (8901 = 500,91 ) o (1o~ S (6810} ©)

where v represents the decay-time constant for both, ions (;,,) and resonator (7,.,), and 7 = fiwres/kp T is
the average number of phonons at a given temperature, thus representing different states of the ions and the
crystal. Equation (9) describes the evolution in linear mode, so that the treatment of the problem is
identical in the classical and in the quantum regime. The evolution of the Fock operators for the ion and for
the resonator is given by

da . — . T
d—? = (—1w — %) a—ig(b* + b), (10)
and -
db . Vres\ 7 . c TF =
5= (—10.)reS - 7) b —iQ(t) —iga® + a), (11)

respectively. Since g K 7,., K Wres, it is possible to perform a perturbative expansion and apply some
approximations. The response of the ion cloud can be very strong, even if the coupling is weak, due to the
weaker friction. This response also has a different phase depending on the coupling constant, and on the
detuning of the drive. This phase causes the coherent interference between the signal generated by the
quartz oscillator and the ion’s motion. The combined power of both signals, dissipated on a fixed input
resistance is the square of the real part of b, with b given by

1 igao )
- X | by + - (12)
H(Wres — w) + ’Yres/z ( 0 i(Wion —w) + 'Yion/z

being ay and b, the initial amplitudes of the oscillators representing the ions and the crystal, respectively.
The other parameters are defined earlier. Note that in order to obtain equation (12), we have considered
that the ACQ time is infinite and we have neglected the loss of relative coherence that takes place at
moderate times.

b(w) =

3. Experimental setup and results

The experiments reported here have been carried out with the TRAPSENSOR open-ring Penning trap [18]
and the quartz amplifier described in reference [9]. Calcium atoms are evaporated from an oven and
collimated through a 1 mm diameter hole to reach an area close to the center of the trap, where they are
photoionized using two laser beams (figure 3), one tuned to be resonant with the 'Sy — 'P; transition in
*0Ca (\ &~ 422 nm) and the other with a fixed wavelength (\ ~ 375 nm). The number of ions is regulated
by the current applied to the oven. Figure 3(a) shows a cut of a three dimensional CAD drawing of the trap
indicating the different electrodes and segments. The operation of a cold-head system with a copper
structure attached and close to the trap, has made it possible to reach storage times in the order of 900 s
(half-life). In order to optimize the trap performance, the potentials applied to the EC and CE electrodes are
varied while the ring electrode (RE) is DC grounded, and the FT-ICR ions signal is monitored until a
maximum is reached. The frequency and the amplitude of the driving field remain the same in this
procedure. The maximum signal indicates a better performance of the trap in terms of harmonicity,
reducing the effect of higher-order terms in the expansion of the electrostatic potential. After the ions are
created inside the trap, the photoionization lasers are blocked and two kinds of experiments are performed:

(a) The modified-cyclotron motion is directly probed by means of an external dipolar field in the radial
direction applied to one of the segments of the RE (Vy;, in figure 3(b)). The other REs are AC
grounded (ACG). The field is applied for 400 ms, and data ACQ starts 2 ms before the excitation is
stopped (t = —2 ms along the text). The ions remain in the trap during the time the ACQ is running
(4 s) and then they are ejected from the trap and counted with a MCP detector.
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Figure 3. (a) Cut from a CAD drawing showing the open-ring Penning trap used for the measurements [18]. EC and CE stand
for endcap and correction electrode, respectively. The RE is four-fold segmented. (b) Transverse cut of one of the REs. The
external driving field is applied to one segment, two other segments are ACG and the fourth one is connected to the quartz
resonator, which is outside the vacuum vessel, through a wire [9].
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Figure4. Elements and operations added to the system when laser cooling is applied. See text for details.
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(b) The ions are laser cooled for 15 s. The components and operations added to the sketch in figure 3(a) to
perform Doppler cooling are shown in figure 4(a). Twelve laser beams drive the transitions shown in
reference [18] to perform Doppler cooling in both axial and radial directions. An external quadrupolar
field at wrr = w, is applied in the radial direction (V.4 in figure 4(b)) during the last 10 s of the
cooling process, in order to reduce the ions’ magnetron radii, before probing their modified-cyclotron
motion. During the cooling process, the fluorescence photons are monitored with an electron
multiplying charge-coupled device camera. After the cooling process, the dipolar field is also applied
during 400 ms, and data ACQ starts 10 ms before the excitation is removed (f = —10 ms along the
text). The ions remain in the trap during the 4 s of ACQ.

Measurements in the absence of laser cooling are presented in figures 5 and 6 considering an ACQ
time-window (At in figure 2(a)) of 0.5 and 4 s, respectively. The dipolar field has an amplitude of 2.5 mV,
and a frequency wrp = 27 X 2.687 659 MHz close to wyes & 27 X 2.687 661 MHz and wjon ~ 27 X
2.687 660 MHz. Zero padding was applied to increase the number of data points [19] (see the comparison
in both figures). A short ACQ time allows for better sensitivity (with respect to the ion number) since the
coupling (originating the dip) is only present during a few milliseconds. The resolution in this case becomes
worse. A longer time window increases the resolution but decreases the sensitivity in terms of ion number
and requires more stable conditions in the experiment.

The data have been analyzed and fitted using the model described in figure 2 with the parameters of the
equivalent-circuit representation, considering the full ACQ time-window of 4 s. The number of ions is
around a few thousand. Smaller number of ions have been used in experiments where laser cooling has
been performed before applying the driving field. In such scenario, the cooling in the radial direction, needs
an external quadrupolar field (figure 4(b)) with wgr = w, in order to reduce the ions’ magnetron radii.
Figure 7 shows the results from the fits using equation (6) considering data from t = —2 ms (upper panels)
and from t = 15 ms (lower panels). Laser cooling was applied to carry out the measurements presented in
the lower panel. In these cases, the amplitude of the driving field is in the range from 30 to 40 mV,,. In
order to perform the fit using the multi-parameter function (equations (5) or (6) if a full short-cut is not
observed), Deff = 40 mm and Ry = 700 k2 [9]. The values of ws and Q,. are obtained from a Lorentzian
fit to the ions signal, yielding wyes = 27 X 2.687 66141(4) MHz and Q,, =~ 67 000 for the results shown in
the upper panel. r and w are free parameters. Larger weighing (a factor ~10* compared to 1) has been
given to data points around the dip and to a certain range of data points at both sides from the dip along
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Figure 5. Top: evolution of the ions signal versus time delay (¢ in figure 2(a)). The ACQ starts at t = —2 ms, and the excitation is

stopped at t = 0 ms. The time window considered for the Fourier transformation is 500 ms. Bottom: comparison between two
signals considering different delays when zero-padding is applied (left) and when only the raw data are considered (right).
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Figure 7. Fit to the data points using the function in equation (6). Upper panel: the frequency of the crystal is very close to that
of the ions. Lower panel: the frequency of the crystal is about 15 Hz higher than v . (b) and (d) Zoom plots around v (dip) of
the data in (a) and (b), respectively. The open circles and the blue-solid line in (d) correspond to the same measurement and fit
curve (equation (6)) but considering At = 2 s (and zero padding). 13 and 3 measurements were used to obtain the data points in
the upper and in the lower panel, respectively. Further details are given in the text.

the Lorentzian profile. Under these conditions one obtains from the fit w, = 27 x 2.687 660(83) MHz, and
r ~ 470(5) k€2 for about 6000 ions. The latter number is obtained from the calibration with the MCP
detector. Due to the large number of ions used in the measurements presented in figure 7(a) and zoomed in
figure 7(b), the resolution for the 4 s ACQ time-window was sufficient to see the dependence of the width
of the fit curve on Nj,,. For the measurement presented in figure 7(c) and zoomed in figure 7(d), the
amplitude of the driving field was 40 mVy,, Qs = 64000 and v rystat = v + 15 Hz. The value of

Verystal = 2.687 6693(3) MHz for these measurements is different compared to v/¢ysal for the measurements
in the upper panel. This is due to a different positioning of the crystal in the printed circuit board of the
amplifier. In order to perform these measurements, the voltages applied to the EC and CE electrodes were
slightly tuned to shift the frequency closer to the resonance frequency of the crystal maintaining the
harmonicity of the electrostatic potential well. Under these conditions, one obtains from the fit using
equation (6), w = 27 X 2.687 65(30) MHz. Figure 7(d) shows also data points (open circles) and the fit
curve (blue-solid line) when considering At = 2 s. As mentioned earlier, though the resolution becomes
worse, the ion sensitivity improves. From the number of photons registered with a photomultiplier tube,
Nion for the results in the lower panel (red-solid line) is smaller, although it cannot be extracted from the fit.
In order to see the dependence on the ion number, one would need a higher resolution and thus a longer
ACQ time-window.

Although the models in figure 2 allow explaining to some extent the expected interaction between the
crystal and the ions, the conditions of the experiment were not sufficient to determine the
reduced-cyclotron frequency precisely even when several measurements are averaged to reduce the
fluctuations in each data point. These fluctuations lead to a jitter of the signal that washes out over different
measurements. For this purpose we have developed a second procedure that consists in subtracting the
background (electronic noise) from the ions’ signal and obtain the reduced-cyclotron frequency from a
Gaussian fit (inset of figure 1). By performing such a fit, for example, to the signals at t = —2 ms in
figures 5 and 6, the reduced-cyclotron frequency values differ in about 80 mHz, corresponding to a relative
frequency shift of 3 x 1078, The full width at half maximum (FWHM) is 1 Hz for the results shown in
figure 5 and 295 mHz for those in figure 6.
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relative to the end of the excitation. Laser cooling is performed before applying the driving field. vz = 2.687 681 MHz,
vy = 2.687 669 MHz and vy varies from 2.687 675 MHz at t = —10 ms to 2.687 670 MHz at t = 15 ms.
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Figure 9. Comparison of peak and dip effective signals, i.e. ions signals (S) minus electronic noise (N), considering different
time delays on starting the ACQ time-window (¢ in figure 2(a)). The data are from the same measurement shown in figure 8.
Besides the data points and the fit (red-solid line), the blue-dashed line in both panels represents an ion cloud signal from
another single measurement.
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Figure 8 shows the evolution of the ions signal of a single measurement when laser cooling is performed
before the excitation. One can observe that the frequency of the crystal changes towards the equilibrium
value, while the value of v does not vary. The coupling of the crystal to the external field is stronger
compared to the coupling of the ions. Figure 9 (left) shows the Gaussian fit to the effective ions signal at
t = —9 ms in figure 8, and the Gaussian fit when t = 90 ms (right). The result from one measurement cycle
(out of twenty) is shown. The ions signal from the other measurement cycles (see e.g. blue-dashed line in
the same figure) are not clearly visible and we assign this to some instabilities in the system. Important
features from this treatment of the data are presented in figure 10 and in tables 1 and 2.

Figure 10 shows on the left panel the ratio between the amplitude and the width of the Gaussian
distribution resulting from the fit of the effective ions signal (see e.g. figure 9), as a function of the
delay-time 7. (1) and (2) are obtained from the ions signals presented in figures 5 and 6, respectively. (3), (4)
(partly shown in figures 8 and 9) and (5) are single measurements where laser cooling was performed. Due
to the cooling, the amplitude of the driving field is increased by more than one order of magnitude (table 1)
and this increases the sensitivity of the effective ion signal. It also increases the time the coherent interaction
between the ions and the crystal can be observed after the driving field is stopped. In (3)—(5) the
radiofrequency of the driving field was more than 10 Hz above v, which results in less power broadening
provided vy differs also a few Hz from v (table 2). As shown in table 1, the standard deviation of
o(v1) is below 100 mHz. Although the right panel of figure 10 shows an increasing trend of v/, the
difference between minimum and maximum is small so that one can consider v as the mean value of
those resulting from the fit when t < 15 ms. The standard deviations of the frequency values extracted from
peaks (£ > 100 ms) are smaller and differ slightly so that from any of the measurement (dip or peak) one




10P Publishing

Quantum Sci. Technol. 6 (2021) 044002 ] Berrocal et al
3) oo 00
101 e J Csea®8?®
:-10 LT PN —o— (4) 0.0r : o .9885399..7
° °

© LI (5) ¢ Oy ®e

z r * 919:0\0 ﬁ

“5)10-13; eeee i 1:/_01 L 'ﬁ' i

o : oo o &8

& [ |> oo W™ e (1)

= [ "y ? e (3

T 107 - Sog0, 17 02 -y o (4 -

= —e— (1) \.\ D‘D\D‘ e © (5)

[ o
G b o
1 0-15 L I I I I 0.3 ] . . . . .
-10 -5 0 5 10 15 -10 0 10 20 200 400 600
Time (ms) Time (ms)

Figure 10. Comparison of the results from Gaussian fits to effective ion signals from measurements under different conditions.
(1) and (2) are results from the same measurement, but the latter considering an ACQ time-window of 0.5 s (figure 5). v on the
right is taken as the mean value of the center of the peaks distributions resulting from subtracting the electronic noise to the ions
signal for each measurement (¢ > 100 ms). See text for details.

Table 1. Experimental parameters and precision of the measurements presented in figure 10 when At = 4 s o(1/1) is the standard
deviation of the v value from the measurements when ¢t < 15 ms (dips) and U(Vﬂ_) is the one obtained from the measurements
when t > 100 ms (peaks). (*) rounded values.

Measurement (figure 10) Cooling N, Vre (MVyp) v —vpp (Hz) vy — Veyga (Hz) O’(I/i) (mHz) 0(1/‘_;_) (mHz)

(1) No = 6000 2.5 1.14 —1.37 50 28
(3) Yes ~ 750 40 —14* —15* 33 10
(4) Yes ~ 560 35 —12* —0.73 57 13
(5) Yes ~ 280 30 —15* —5* 58 8

Table 2. Resolving power in v from the measurements presented in figure 10.

Measurement (figure 10) Cooling ~ Nign FWHM, (mHz) FWHM, (mHz) ( - )d < Y+ )
p

Avy Avy
(1) No ~ 6000 332 605 9.8 x 10° 4.4 x 10°
(3) Yes ~ 750 129 657 22 %107 4.1 x 10°
(4) Yes A 560 243 340 12 x 107 7.9 x 10°
(5) Yes ~ 280 116 213 24 %107 1.3 x 107

can determine v with a relative uncertainty in the order of 10~ if the ions remain in the trap while the
driving field is applied. Table 2 complements the results shown in table 1 comparing the mean FWHM and
the resolving power in v for the dip and the peak distributions. The dip is better resolved than the peak.

4. Conclusions and outlook

In this work we have shown for the first time the coupling of trapped ions to a quartz resonator under
non-equilibrium, at room temperature and installed outside the vacuum vessel. This kind of measurement
introduces novel features to Penning trap mass spectroscopy, compared to conventional FT-ICR
measurements carried out with the same amplifier [9, 12]. It provides a factor of two improved resolution
in the measurement of the reduced-cyclotron frequency, and only requires interaction times between the
ions and the crystal below ten milliseconds. This makes this technique a promising one for experiments on
exotic nuclei with short half-lives [15]. For experiments on rare isotopes such as long-lived SHE ions,
produced in minute yields, the highest sensitivity is required. The number of trapped ions has been
gradually reduced in subsequent experiments where laser cooling has been performed before probing the
ions. We have also been able to re-use the same ions in different subsequent measurements by performing
in each cycle, laser cooling after excitation and data ACQ. For the measurements presented here, the
minimum number of ions observed is ~2280. Performing measurements on a lower number of ions would
require, with the same interaction time, longer ACQ time windows and better stability of the power supply
compared to the one utilized to apply the voltages to the EC and CE electrodes. Since laser cooling cannot
be applied directly to many ion species yet, an experiment for example on a long-lived SHE ion would
require to store this together with a “*Ca™ ion-cloud in a Penning trap located upstream from the
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measurement trap, where only the SHE ion is transferred after cooling, to perform the envisaged
experiments.

If instead of a power measurement we perform a full quadrature measurement of the combined
oscillators signals, we could get access to a characterization of the relative phase between the ions and the
quartz resonator. The combination of both gives rise to a very precise Fano-like profile, that would increase
our sensitivity to the ion’s motional frequency within the same time-window. Besides the importance of the
results for fast detection in nuclear physics experiments, the characteristics of the quartz, might open up
new possibilities if the ion is laser cooled to the ground state of motion in the Penning trap. These
experimental results illustrate the coupling between an ion cloud and a high-quality radiofrequency
resonator in the weak coupling regime. Our experiments were performed in high-temperature conditions,
with quantum states that admit a very efficient classical description. One route into quantum applications,
as explained in reference [20] is to increase the resonator’s frequencies, quality factor and coupling strength,
while decreasing the trap’s temperature with cryogenic tools, in order to achieve the single-quantum
regime. This is a technically difficult route that would however enable truly hybrid quantum simulators and
computers, combining the high processing speeds of superconducting circuits with the high-quality long
lived memories of trapped ions. In the near time, we envision that these couplings will have immediate
application in the realm of sensing, as illustrated in this work, and could also be applied to the study of
high-temperature non-equilibrium entanglement, with dynamical techniques such as those introduced in
reference [21].
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