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Abstract High precision mass and g-factor measurements in Penning traps have enabled groundbreaking tests of fundamental
physics. The most advanced setups use multi-trap methods, which employ transport of particles between specialized trap zones.
Present developments focused on the implementation of sympathetic laser cooling will enable significantly shorter duty cycles and
better accuracies in many of these scenarios. To take full advantage of these increased capabilities, we implement fast adiabatic
transport concepts developed in the context of trapped-ion quantum information processing in a cryogenic Penning trap system. We
show adiabatic transport of a single *Be* ion initially cooled to 2 mK over a 2.2-cm distance within 15 ms and with less than 10 mK
energy gain at a peak velocity of 3 m/s. These results represent an important step towards the implementation of quantum logic
spectroscopy in the (anti-)proton system. Applying these developments to other multi-trap systems has the potential to considerably
increase the data-sampling rate in these experiments.

1 Introduction

A stringent test of CPT (charge-parity-time) invariance and a sensitive probe to constrain physics beyond the Standard Model is the
comparison of the g-factor of the proton and the antiproton. Until today, the proton g-factor could be determined with a fractional
precision of 0.3 ppb [1] and the antiproton g-factor with a fractional accuracy of 1.5 ppb [2]. In these experiments, the (anti-)proton’s
spin state was determined using the continuous Stern—Gerlach effect [3, 4]. An alternative approach to the continuous Stern—Gerlach
effect is the determination of the (anti-)proton’s spin state by applying quantum logic spectroscopy (QLS) with an atomic ion
following a proposal by Heinzen and Wineland [5]. A key requirement for its realization are ions cooled to their motional ground
state. This was demonstrated many times in RF traps, first by [6], and later demonstrated in a Penning trap for the first time [7]. QLS
was experimentally demonstrated in RF traps, first in [8].

Because of conflicting requirements concerning the trap geometry in different steps of the spectroscopy algorithm, advanced
multi-Penning trap stacks consisting of specialized zones interconnected through particle transport appear to be the most viable
option to apply the QLS concept to the (anti-)proton system [9]. Adiabatic transport of particles is a key ingredient for this approach.
In the context of ion-trap quantum computing in Paul traps, transport of qubit ions is a key requirement to implement the “quantum
CCD architecture” [10, 11]. Near ground state transport in a linear geometry was first demonstrated by Rowe et al. [12] and later
also through junctions [13]. In radio-frequency traps, much effort was invested in the past decade to implement, characterise and
optimise fast ion transport with low heating rates [14—18]. Also in Penning traps, transport of ions is a key ingredient in many
multi-trap methods [9, 19-22]. For example, the most precise comparisons of the fundamental properties of protons and antiprotons
[2, 23], mass measurements on highly charged ions with impact on neutrino physics, axion research, and potential future clock state
characterization [24], as well as the most precise measurements of the masses of the electron [25] and the proton [26] rely on the
execution of multi-trap measurement protocols. Most of this work has primarily dealt with transport timescales of several seconds
per protocol. While in some experiments heating rates as low as a few radial quanta per transport were achieved, in some cases, the
particle shuttling consumes up to 10 % of the measurement time budget and accumulates over the long data taking runs typically
applied in these experiments to macroscopic time scales [2].
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In this article, we apply transport methods commonly used for adiabatic transport in RF traps to a single ?Be* ion in a Penning
trap system, demonstrating for the first time in a Penning trap the transport of a single ion in the mK and ms regime. In addition
to being a first step towards the single ion transport in the motional ground state required for the implementation of QLS, the
work presented here has the potential to be applied to current high precision multi-trap Penning trap experiments by increasing the
measurement sampling rate and providing results with lower statistical uncertainty. The presented transport scheme can be applied
to any cylindrical Penning trap. Also, merging and splitting of linear ion crystals could be implemented if at least one of the trap
electrodes is thin enough with respect to the ion-to-ion distance to allow for producing a double-well potential between the ions. The
outline of this paper is as follows. Section 2 describes the method used for determining voltage waveforms for adiabatic transport
which is a simplification of the method described in [13]. Section 3 gives a brief overview over the experimental setup. Section 4
describes the experimental implementation and demonstrates particle transport over a 2.2-cm distance within 15 ms and with less
than 10 mK energy gain at a peak velocity of 3 m/s.

2 Adiabatic transport in Penning traps

In a Penning trap, a charged particle is confined by the superposition of an electrostatic quadrupole field and a homogeneous magnetic
field [27]. The direction of the magnetic field is referred to as the axial direction. In this direction the particle oscillates at the axial

frequency v, = ﬁ, /ZCZV% where g/m is the charge-to-mass ratio of the confined particle, V the voltage difference between the

ring electrode and the endcaps, and C, a coefficient describing the trap geometry [28]. The particle movement in the radial direction

94 4 By2 2
is described by the modified cyclotron frequency and magnetron frequencies, respectively, vy = % ( ’"23 + G f L %) where

B is the magnetic field strength.

To adiabatically transport an ion through a cylindrical Penning trap along the axial direction [29], the axial trap frequency is kept
fixed, while the ion is moved along the axial direction. To accomplish this, time varying electrode voltages, which will be referred
to as waveforms in the following, must be determined. To calculate the waveforms, it was assumed that the trap is rotationally
symmetric, that the ion is located on the trap axis, and that its spatial spread is negligible. Therefore, the radial motions are not taken
into account. These approximations reduce the problem to one dimension.

The waveforms are constructed from voltage vectors. The voltage vector ii|,, contains the voltages that need to be applied to
the individual electrodes to trap the ion at position zg (on the trap axis), i.e. form a harmonic potential at position zg. The time
dependence of the voltage waveforms is introduced by calculating voltage vectors for a set of ion positions along z and then joining
the resulting voltages for the individual electrodes choosing a parametrisation z(¢). The voltage vector for a particular ion position
zo is determined by taking advantage of the superposition principle: One determines the potential produced at position zg by each
individual electrode when 1 V is applied to this and O V to all the other electrodes. Based on these potentials and their derivatives
with respect to z a voltage vector u can be found that fulfils

-

A-ii=b 1

where A contains the electrode potentials and their derivatives and b contains the constraints for the electric potential and its
derivatives at the ion position. b is invariant for all individual ion positions. This method is an adaption of the method presented in
[13] for radio-frequency traps to the 1-dimensional and pseudopotential-free case of the Penning trap.

For harmonic confinement, the electric field at the ion position must be equal to 0 and the curvature is given by the desired trap
oscillation frequency. The potential can also be constrained to a fixed value which makes Eq. 1 read 2 for n electrodes
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where ¢; is the potential at the ion position zo produced by the i —th electrode held at 1 V, m and ¢ the ion’s mass and charge, and
v, the ion’s axial trap frequency. Vj is a potential constraint that can be chosen freely without loss of generality. We set it such
that the potentials for ion transport match the potential we use for trapping an ion at position A (see Fig. 1). For more than three
electrodes, Eq. 2 is under-determined. To achieve the smallest possible voltages, the linear system of equations was solved using
the Moore—Penrose inverse [30] of A.

The potentials at the trap axis produced by an electrode at a voltage of 1 V, while the other electrodes are held at 0 V were
determined using finite element method (FEM) simulations with Comsol Multiphysics 4.2. For this purpose, the trap electrodes
were approximated by hollow cylinders, i.e. the holes in the electrodes for laser access and ablation loading as well as the features
for stacking the electrodes at the outside of the electrodes were omitted, and electrode no. 7 is implemented as a hollow truncated
conical cylinder (see Fig. 1) for the purpose of the simulations. Furthermore, holes for laser access and ablation loading as well as
the gold plating of the electrodes were neglected.
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Fig. 1 Sectional view of the electrodes used to transport the ion. Electrodes marked in green form the beryllium trap and electrodes marked in blue belong
to the coupling trap. Electrode 3 is the four-split ring electrode of the beryllium trap, electrodes 2 and 4 the correction electrodes, and electrodes 1 and 5
the end caps. The lens collection light from fluorescence detection is marked in yellow. The magnetic field is indicated by the black arrow. The waveforms
shown in Fig. 2 transport the ion from point A to point B
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Fig. 2 Voltage waveforms for transport of a beryllium ion at an axial trap frequency of 430 kHz over a distance of 2.2 cm along the trap axis z. Different
colours denote different electrodes. For electrode reference see Fig. 1. The four-split ring electrode of the beryllium trap (labeled as el 3) as well as the
correction electrode 1 (labeled as el 2) are constrained to — 20 V and —18.8 V for the whole transport sequence to avoid perturbation of the ion. The lines
serve as a guide to the eye

In this work, waveforms for ion transport over a distance of 2.2 cm have been calculated taking 13 electrodes into account. This
allows to transport an ion from the beryllium trap to the coupling trap. Voltage vectors have been calculated using the method above
for 196 positions along the transport path z(z). The parametrization of z(¢) was chosen such that % ~ sin%(r) between 0 and 7
which provides a smooth start and stop of the transport process. Therefore, the positions were determined from Eq. 3

(1) = LB; A) %”7’ - %sin (2”%) +A 3)

where T is the duration for transporting an ion from the beryllium trap to the coupling trap, A is the position on the z-axis where the
ion is trapped prior to transport and B the ion’s target position. Equation 3 was evaluated for 196 equally spaced values of ¢ between
t = 0and ¢ = T. This parametrization provides a smooth start and stop of the transport process. Electrode 3 was held at a constant
voltage during the whole transport sequence since it is split into four segments and possible issues from voltage differences between
segments should be avoided. Electrode 2 was also held at a constant voltage during the transport sequence since it has a different
low-pass filter compared to the rest of electrodes (see Fig. 3). The resulting voltages for confining a single beryllium ion at an axial
trap frequency of 430 kHz at different positions along the trap axis are displayed in Fig. 2.
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Fig. 3 Schematic of the control electronics and trap wiring. The electrode voltages are generated by an AWG. The signals for electrodes 2, 3 and 9 to 13 are
amplified by a self-built amplifier with a gain factor of 5. The signals for electrodes 1 and 4 to 8 are amplified by another amplifier with a gain factor of 25.
All DC signals are filtered by a three staged low-pass filter with capacities of 4.7 nF and resistances of 5 k2. Electrodes 2 and 3 are additionally connected
to a direct digital synthesis (DDS) module that generates RF signals for motional excitation of the ion. Both the AWG and DDS module are controlled by
the experiment control system ARTIQ. For details see text

3 Experimental setup

Figure 1 shows a sectional view of the beryllium trap (electrodes 1 to 5), some electrodes of the coupling trap (electrodes 8 to 13) and
the transport electrodes (electrodes 6 and 7). The Penning trap stack consists of gold plated copper electrodes that are electrically
isolated from each other by sapphire rings. The hole in electrode 1 (see Fig. 1) holds a beryllium target to enable laser-ablation
loading of beryllium ions. Furthermore, electrodes 1 and 5 contain holes for laser beams. For a full description of the current trap
stack, see [31]. The waveforms shown in Fig. 2 are suitable for transporting a single beryllium ion from the center of the beryllium
trap (A) to the coupling trap (B) and back, which corresponds to a total distance of 4.4 cm.

The control electronics and the trap wiring are depicted in Fig. 3. The voltages for trapping and transporting the ion are generated
by a programmable arbitrary waveform generator (AWG) developed at NIST [14]. It produces DC voltages in a range of =10 V
with 16-bit resolution with an update rate of 50 MHz. The signals for electrodes 2, 3 and 9 to 13 are amplified to £30 V by a
voltage amplifier. The signals for electrodes 1 and 4 to 8 are amplified to £250 V by a commercial low-noise high-voltage amplifier
(PiezoDrive TD250). All the signals pass three cascaded low-pass filters with a resulting cutoff frequency of 750 Hz for electrodes
2 and 3 and 1.3 kHz for the remaining electrodes before they reach the electrodes.

The transport voltages were rounded to the level of 1 - 10™* V due to the resolution of the AWG. The voltages for each electrode
were subsequently interpolated by a third order b-spline. The interpolation coefficients as well as the voltages were handed over to
the AWG where voltage waveforms with a resolution of 20 ns are generated [32].

The AWG is controlled by the control system ARTIQ (Advanced Real-Time Infrastructure for Quantum physics) from m-labs
[33]. It is used for programming the AWG as well as for starting the ion transport by sending a trigger signal to the AWG. Since
ARTIQ executes commands in real time and also controls switching of the cooling and detection laser, laser and ion interaction can
be controlled in real time.

4 Experimental verification

As a first demonstration, we verify the transport of a single °Be* ion confined in the cryogenic Penning traps system. More details
about the experimental setup can be found in [34, 35]. To summarize, once ions have been loaded into the beryllium trap using
an ablation laser pulse at 532 nm impinging on a beryllium target embedded into electrode 1 (see Fig. 1), a single ion is obtained
by splitting the ion cloud several times. This is done by transforming the trapping potential into a double-well potential and then
releasing the ions from one of the two potentials repeatedly as described in [36] and [34]. After this process, eventually a single Be*
ion is maintained in the beryllium trap. By using a laser beam 10 MHz red-detuned from the cooling transition (25 n2lmp =3/2,
my = 1/2) - 2py p2lmp = 3/2, my = 3/2)) of the 9Be* ion and an offset from the trap center in the vertical direction, an
initial axial mode temperature of 7, ~ 2 mK is obtained for the single ion by Doppler cooling. For an ion cloud, a temperature of
1.77 (10) mK has been measured in our experiment [37]. This is about 3.5 times the Doppler limit Tp = 2’% ~ 0.5 mK, where
y is the natural linewidth of the transition and kp the Boltzmann constant. Possible reasons for not reaching the Doppler limit are
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Fig. 4 Observed fluorescence counts as a function of time during ion transport for different shuttling times. The experimental data for a shuttling time of
5 ms, 10 ms and 20 ms are represented by solid red, blue and black circles, respectively. Error bars are based on counting statistics. 50 repetitions were used

for each transport sequence. Solid lines are shown as a guide to the eye. An exposure time of 800 s was used for each data point with a delay time between
points of 200 ps. The counts are normalized to the maximum observed for the 10 ms shuttle-time. Further details in the text

500

100 * :
50

Upper limit of average
heating per transport (mK)

5 10 15 20 25
Transport time (ms)

Fig. 5 Upper limit of the average heating per transport for several transport times. The ion heating after several transports were measured by recooling for
different shuttle times. For shuttle times of 10 ms, 15 ms, 20 ms and 25 ms, 100 transports repetitions were performed before measuring the ion heating. For
shuttle times of 5 ms and 7.5 ms, 5 and 20 transports repetitions were performed. The mean ion energy after transport was obtained by fitting the normalized
average moving counts over time for single measurements. Error bars are based on 50 measurements repetitions, except for a shuttle time of 5 ms where
only 10 measurements repetitions could be realized. Further details in the text

related to the complicated cooling dynamics in Penning traps and are discussed in [37]. Besides the Doppler laser, a repumper laser
on resonance with the repumping transition (2S1/2|m1 =3/2,m;y = —1/2) - 2P3/2|m1 = 3/2, my = 1/2)) is used to avoid
undesirable quantum jumps [38].

For the measurements shown in this section, the single *Be* ion is stored by using a trap bias of — 20 V on the ring electrode and
—18.8 Vand —18.9 V on electrodes 2 and 4 (see Fig. 1) which are the correction electrodes, respectively. These values yield an axial
frequency of w; /2w ~ 430 kHz, and magnetron and reduced cyclotron frequencies of about 10 kHz and 8490 kHz, respectively
[39] in the beryllium trap. For cooling, 300 wW of power for the Doppler laser is used with a beam waist of around 150 wm. Only
30 wW are used for the repumper laser with a similar beam waist. In addition, an offset position for the Doppler laser of around
100 pm with respect to the trap center is used in order to cool both radial degrees of freedom. The fluorescence signal from the
cooled ion is detected by a photomultiplier tube, whose output signal is connected to ARTIQ in order to register the photons count.

In order to test the transport waveforms shown in Fig. 2, a single ion was transported from the beryllium trap (point A in Fig. 1)
to the coupling trap (point B in Fig. 1), and transported back to the beryllium trap. Figure 4 shows the normalized counts observed
in the beryllium trap, where the ion was first cooled during 10 ms, then transported back and forth, and finally cooled again in the
beryllium trap. Different shuttling times for moving the ion from one trap to another have been considered. The lasers were turned
on during the entire process. Therefore, the drop in fluorescence observed around 10 ms in Fig. 4 demonstrates the absence of the ion
in the beryllium trap as a result of the transport. Since the transport waveforms are applied twice (once forward and once reversed)
due to the round trip, the low fluorescence level is observed approximately twice as long as that of the shuttle time. Although the
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measurements shown in Fig. 4 demonstrate transport on the expected time scale, they do not demonstrate transport of the ion to
zone B (see Fig. 1). To ensure that the latter has occurred, for each transport the waveform to move the ion from zone A to zone B is
first applied. Then the potential in zone A is changed to the trapping potential. Then the potential in zone A is modified to the initial
transport potential and finally the transport waveform to move the ion from zone B to zone A is applied. Since it is only possible to
trap the ion in zone A and zone B, and the ion is only detected after to apply the waveform to move the ion from zone B to zone A,
for each transport waveform, we can ensure transport of the ion to zone B.

Before transport, Doppler cooling prepared the ion in a thermal state [40] with a mean phonon number in the axial mode given by
kpT;/(hw,;) ~ 100, where kp is the Boltzmann constant and % is the reduced Planck constant. After transport, the recooling process
can be examined in order to estimate the mean ion energy. By using this technique, the thermally averaged scattering rate over
time can be used in order to calculate the mean ion energy before recooling [41]. In this model, we consider a Maxwell-Boltzmann
distribution of the motional energies ¢ given by P(e) = exp[—e/&]/€ for each cooling period, where € is the mean energy. From
this distribution, a thermally averaged scattering rate [41]

d [ e/

N e N

—) = — de’ 4

<dt >§ / g dr ¢ @
0

e=E(¢',7)

is obtained, where d N /dz is the scattering rate for a given motional energy ¢ and E is the propagator of ¢, i.e. the energy at time t
of an ion with initial energy &o.

Non-adiabaticity in transport can in principle lead to non-thermal states due to coherent effects, i.e. a resonant field can create
a motional superposition between two Fock states [42]. In our case, the transport time is still 4 orders of magnitude longer than
the trap oscillation period, so that some fluctuations superimposed on any coherent effects could be expected. Note that this is a
common question, which in principle also affects heating rate measurements on stationary ions, where technical sources of resonant
fields can lead to coherent effects. The Doppler recooling technique with its sensitivity to Doppler shifts should still give a decent
measure of energy.

In order to calculate the thermally averaged scattering rate over time given by Eq. 4, we consider our trapped *Be* ion with a
cooling transition at 313 nm, a natural linewidth of I' = 27 x 19.6 MHz, a laser detuning from resonance of —2x x 10 MHz, a
saturation parameter of s = 0.05 and a wavevector k;/k = 0.5. Since our laser also has a radial component, this model can be
used in order to determine an upper limit of the axial heating per transport. Longer recooling times due to radial effects affect the
measurements by overestimating energy gains in the axial mode. Taking into account the above values, an upper limit of the mean
energy of the ion is determined from the scattering rate model. A further discussion of the recooling process and the smallest energy
which is observable with binning time can be found in Appendix 1. From the data discussed above, an upper limit for the ion
temperature before recooling of ~ 1 K can be estimated, but no recooling process is observed. This is due to the chosen binning
time and because of the transport through the spatially inhomogeneous laser beam.

More accurate temperature information can be extracted by turning the laser beams off prior to transport and turning them back on
only after the round-trip transport has been completed, and by examining specifically the fluorescence during the recooling process
only. To accomplish this, the ion was first cooled during 100 s, then the lasers were turned off and the ion was transported back
and forth a total of 100 times to amplify any potential energy gain from transport. After that, the lasers were turned on and the
fluorescence signal was recorded. Each recooling signal was fitted using Eq. 4 and the fitted temperature was divided by the number
of transports. This process is repeated for each shuttle time in order to improve the statistics. It is important to note that when no
heating is observed, then a final temperature of 1 K is taken (see above and appendix).

Figure 5 shows the upper limit of the average heating per transport for several shuttle times. For shuttle times of 15 ms, 20 ms
and 25 ms a similar heating is observed, with values lower than 10 mK per transport. For shuttle times of 5 ms, 7.5 ms and 10 ms,
pronounced heating can be observed. This is the expected result when the time constants of the RC low-pass filters of the trap
electrodes are considered. The low-pass filters introduce a significant delay between the signals applied to the low-pass filters and
the voltages appearing on the electrodes, thus introducing significant distortions of the actual temporal evolution of the trapping
fields compared to the intended behavior. This effect is even more important for the shorter shuttle times of 5 ms and 7.5 ms, where
the number of transport repetitions was reduced from 100 to 5 and 20, respectively. In these cases, for higher repetition counts, it
could be observed that occasionally the ion would be in a higher magnetron orbit and even appear to be “missing”, because at a
sufficiently high magnetron orbit our experimental system does not allow us to Doppler cool the ion again [34]. These distortions
may also be responsible that the fluorescence signal does not return to the original level within the observed time frame for the 5 ms
shuttle time in Fig. 4, potentially also connected with an effect on the radial motion. Note that the measurement is carried out after
one or several round-trips, which would in principle allow for the motion to be coherently excited on the way in and then de-excited
on the way back. If this were the case, it could be detected, e.g. through the introduction of a variable waiting time between the trip
in and back [16]. We have not carried out such measurements, but it would be plausible that such an effect, if it were pronounced,
would show up for at least one of the 15, 20 and 25 ms transport times and not conspire to cancel out perfectly each time.
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5 Summary and outlook

Successful transport of a single laser cooled °Be* ion over 2.2 cm in a Penning trap has been demonstrated on timescales in the
ms regime. This is fast compared to ion transport previously demonstrated in Penning traps where transport durations are on the
order of seconds (see e.g. [26] and [2]). For transport times of 15, 20 and 25 ms, energy gains below 10 mK were observed using
the Doppler recooling method. Shorter transport times can introduce significant amounts of heating, expected from the distortion of
the control signals through the low-pass filters. We show the first study of the effect of fast adiabatic transport on the axial degree
of freedom in a Penning trap.

Present efforts to implement sympathetic laser cooling in Penning trap systems will lead to significantly reduced cooling and
readout times. The development of fast adiabatic transport procedures is a key step to realize the full potential of sympathetic laser
cooling such that the present transport times of, e.g. minutes do not limit the measurement time and such that energy gains from
transport do not spoil the effect of the sympathetic cooling.

Further insights into transport-induced heating can be obtained by measuring the energy gain of the ion by first applying axial
ground state cooling, followed by transport and sideband spectroscopy [37]. Future improvements to the experimental setup in terms
of ion detection and cooling would allow us to further increase the transport speeds by pre-distorting the transport waveforms as
described in e.g. [16] to account for the transfer functions of the low-pass filters.

These results also represent a significant step towards the implementation of quantum logic spectroscopy in Penning traps. Here,
the axial degree of freedom is used for the required energy and information exchange between the particle of interest (spectroscopy
particle) and the cooling ion. Transport is required in such a scenario because typically the requirements for laser cooling, precision
spectroscopy and energy exchange between cooling ion and spectroscopy particle cannot be fulfiled in the same trapping site,
necessitating the implementation of a multi-well trap stack interconnected with fast adiabatic transport as demonstrated here. For a
discussion of a possible implementation in the (anti-)proton system, consider [9].
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Fig. 6 Normalized fluorescence predicted over time for several mean ion energies. Red, blue and black lines represent the thermally averaged scattering rate
over time for mean energy values of 1, 5 and 15, respectively
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Fig. 7 Normalized counts over time for a heated ion. The data is represented by red dots and error bars are based on counting statistics. 20 repetitions were
performed. Blue line is a thermally averaged scattering rate fit to the data. The fit gives a temperature value of 1.5 K after heating

Appendix 1: Ion temperature resolution by recooling process

In order to determine the minimum ion energy that is observable with our experimental parameters by using the thermally averaged
scattering rate over time during recooling, the predicted florescence was calculated for several mean energy values. This is shown
in Fig. 6 for mean ion energies of 1, 5 and 15. Main energies are given in recoil units r = (fik;)>/2m)/Eo ~ 0.0056, where m is
the ion mass and Eg = hI'+/1 + s5/2. The relation between temperature and main energy is given by ' = 2Ey&/rkp. In this model,
time units are given by fo = 2(1 +s)/sI" ~ 0.335 ps.

Taking into account the recooling time as a function of the initial energy (see Fig. 6) as well as the binning time of 1 ms chosen for
photon counting during recooling, we can consider a mean energy value of around 5 as the minimum energy that can be observed.
This energy is equivalent to an ion temperature of about ~ 1 K.

In order to check that the implementation of the method is capable of detecting axial energy gains, the single ion was axially
excited with a purely axial radiofrequency excitation close to the axial frequency. Note that this is expected to produce a coherent
state of motion. Figure 7 shows the counts over time, where the ion is laser cooled without excitation, then the laser is turned off
and the excitation is turned on for 20 ms, and finally, the excitation is turned off and the Doppler laser is turned on again. In this
case, the recooling process can be observed and the predicted averaged scattering rate can be fitted to the data, corresponding to an
ion mean energy before the recooling of 8.8, or a temperature of 1.5 K.
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