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Enhancing nondestructive mass identification via Fourier-transform fluorescence analysis
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Single-ion mass identification is important for atomic and nuclear physics experiments on ions produced with
low yields. Cooling the ion to ultralow temperatures through interaction with a laser-cooled ion will enhance the
precision of the measurements. In this paper we present axial-common-mode frequency measurements of bal-
anced and unbalanced Coulomb crystals from the Fourier transform of the fluorescence photons from a Doppler-
cooling transition in calcium ions after probing the ion crystal with a five-radio-frequency comb. A single ion
nondestructively detected can be used for identification, yielding a mass-resolving power m/Ampwum ~ 310
from the axial common mode. This identification can be performed from a single measurement within times

below 1 s.
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I. INTRODUCTION

Experimental studies of atomic and nuclear observables
such as masses, nuclear spins, and electromagnetic nuclear
moments are important to understand the peculiar properties
of the heaviest elements in the periodic table of chemical
elements [1,2]. These nuclides can only be produced artifi-
cially in nuclear reactions at accelerator facilities, with very
low resulting yields, on the order of ions per second for
nuclides with Z = 102 down to about one particle per day
for Z = 118. This calls for single-ion sensitivity for laser
spectroscopy or mass spectrometry and also good control
and localization of the superheavy element (SHE) ion. For
example, the higher spectral resolution needed to resolve the
hyperfine splitting [3], required to determine electromagnetic
moments and to enable an unambiguous assignment of the
nuclear spin, can be attained when cooling the ion to ultralow
temperatures by means of Doppler laser cooling. Since this is
not yet feasible due to the limited experimental information on
atomic transitions and the often complex level structure of the
atomic spectra, the SHE ion has to be cooled through another
(laser-cooled) ion. The same experimental platform, i.e., an
unbalanced Coulomb crystal made of a laser-cooled and a
target ion, can provide nondestructive mass identification of
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the latter [4] and even identification of a molecular ion after
some chemical reaction of the SHE ion with reactive gases is
induced [5].

The demonstration of mass spectrometry with sympatheti-
cally cooled ions was reported in 1996 [6], and it has proved,
in the last decade, beneficial to identify stable ions [7] and
radioactive ions [8] when working with large ion clouds and
when accumulating sufficient statistics, respectively. Single-
ion mass spectrometry through Fourier transformation of
the fluorescence signal from a laser-cooled stable ion was
reported in 2001 [9]. Well-localized atomic and molecular
ions in Coulomb crystals were observed around the same
time [10,11], followed by the demonstration of nondestructive
identification through fluorescence images of balanced and
unbalanced two-ion Coulomb crystals [5]. In the latter case,
the two ions, with mass-to-charge ratios mg/qs and m; /g, have
sufficiently small kinetic energy to perform small oscillations
around their equilibrium positions. In a linear Paul trap with
®; < wyy, the ions will line up along the z axis. Considering
that the ions move with small oscillation amplitudes compared
to their separation distance D and defining p = m/my and
K = qt/qs, the axial motion of the system can be described in
terms of normal modes, with eigenfrequencies [12]
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where w, is the axial frequency of the single laser-cooled ion
(ms/qs), « =1+« /n, and B =1+ 1/u. The superscripts
— and + represent the common and stretch modes, respec-
tively. When both ions are singly charged (¢gs = g = 1), as is
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the case for the experiments presented here, Eq. (1) simplifies
to the well-known expressions given in Ref. [13].

Experimentally, if one ion is laser cooled (e.g., the one with
mass-to-charge ratio mg/gs), the other one will be sympathet-
ically cooled due to the Coulomb interaction [14].

Several identification methods have been developed for ion
crystals in Paul traps: (1) resonant excitation of the common
mode with a time-oscillating voltage [15], (2) application of
periodic voltage pulses to one of the trap electrodes [16],
(3) a scan of the motional frequencies in through sideband
spectroscopy on an electric quadrupole transition with an
ultrastable laser [17], (4) determination of the shift in the
equilibrium position of the fluorescing ion after the crystal is
formed [18], (5) optical amplification of the crystal’s motion
with lasers [19], and (6) fast switching of the trap center
position with a voltage pulse [20]. Methods 1 and 4 are
based on the monitoring of the fluorescence signal with an
electron-multiplying charge-coupled device (EMCCD) cam-
era, whereas methods 2, 5, and 6 rely on Fourier analysis of
the fluorescence signal detected with a photomultiplier tube
(PMT). In this work we detect and identify singly charged
atomic ions through Fourier analysis of the detected flu-
orescence photons scattered by the laser-cooled ion in an
unbalanced two-ion crystal after probing the crystal with a
radio-frequency comb. The foundation relies on the fluores-
cence modulation due to the crystal’s motion in the trap under
near-resonant oscillating electric fields and its subsequent
Fourier transform to obtain a discrete frequency spectrum
around the axial-common mode. The method is fast, non-
destructive, and thus suitable for performing experiments in
which the highest sensitivity is requested. This is the case
of SHEs [21-23], provided the full process before the mea-
surement, which comprises online production, stopping in a
gas cell, separation, and subsequent cooling, is carried out
with the highest efficiency. We analyze the precision in mass
identification obtained with this method in the Doppler regime
and discuss the effect of nonlinearities due to the Coulomb
interaction.

II. EXPERIMENTAL SETUP

The experimental setup is schematically shown in Fig. 1(a).
A sketch of the radio-frequency comb is depicted in Fig. 1(b).
The experiments presented here were conducted with two-
ion crystals composed of a Doppler-cooled *’Ca* ion and a
ACa™ isotope (A = 40, 42, 44, 48). For Doppler cooling and
detection of “*Ca™, a 10-MHz red-detuned 397-nm diode laser
driving the Sy, <> Py, transition was used. A tunable 866-nm
diode laser was tuned to the D3/, <> P;;» repumping transi-
tion to decouple the metastable D3/, state from the cooling
cycle. The trap consists of two opposite pairs of blade-shaped
electrodes and a pair of endcap-shaped electrodes, with char-
acteristic distances of 2ry = 1.6 mm and 2zy = 5.5 mm for
the blade and endcap electrodes, respectively [24] (based on
Ref. [25]). Radial confinement in the xy plane is accomplished
by driving a pair of opposite blades with a radio-frequency (rf)
field with wy = 2 x 21.9 MHz while keeping the other pair
at ground. Axial confinement along the z axis is achieved by
applying a DC voltage U to the endcap electrodes (EC1 and
EC2 in Fig. 1). The frequency . is proportional to ~/U. The
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FIG. 1. (a) Sketch of the experimental setup for production,
Doppler cooling, and identification of #Ca™ -*’Ca™ crystals. The
energy levels and transitions employed for Doppler cooling and
detection of Ca™ are shown in the inset. The separation distance
between the dark (dashed red circle) and bright ions is D ~ § um.
(b) Variation of the excitation-field radio frequency around resonance
and expected frequency spectrum from the PMT detected signal.

trapping voltages are set such that the oscillation frequencies
of a single trapped “°Ca™ ion are wy,y 2 2w x 1.5 MHz and
w, ~ 2w x 0.6 MHz. A dipolar electric field with amplitude
Vaip can be applied between EC1 and EC2 by means of an
arbitrary function generator (AWG), varying the radio fre-
quency following the comblike pattern of Fig. 1(b). The Ca™
ions were produced near the trap center through two-step pho-
toionization of Ca atoms vaporized from a resistively heated
source filled with natural calcium. A free-running diode laser
at 375 nm and a tunable diode laser at 423 nm were used.
The latter was tuned to the corresponding resonance of the
1Sy <! Py transition in Ca to selectively produce the ion of
interest [26]. All tunable lasers were stabilized in frequency
using a 10-MHz-accurate wavemeter [27]. The 397-nm fluo-
rescence photons were collected by an imaging lens system
(ILS) and split into two branches by a 50:50 beamsplitter
(BS) to detect simultaneously the fluorescence signal with an
EMCCD camera and a PMT. The EMCCD camera provides
spatially resolved signals that allow certifying the production
and characterizing the excitation of calcium crystals [top right
of Fig. 1(a)]. The 397-nm photons were recorded with the
PMT for a detection time fpyt and time-stamped by a digital
input/output (DIO) board. The full experiment is controlled
and automated by ARTIQ [28].

III. MEASUREMENTS, RESULTS, AND DISCUSSION

Single ions and two-ion crystals were resonantly excited
[an example is shown in the top right of Fig. 1(a)] by applying
an external dipolar field introducing a modulation of the
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fluorescence intensity §F (v;) & v, o cos(w; t) such that
F=T pee(vz) o F[ pee,() + 8pee(vz)] - FO + 5F(vz)7 (2)

where I' and p..(v,) are the spontaneous decay rate and
the velocity-dependent occupation probability of the excited
state (Py/2), respectively. p..0 and Fy are the (approximately)
constant occupation probability and fluorescence rate at the
Doppler limit.

The frequencies w, and Q7 are measured with the setup
through the following experlmental sequence. We first pro-
duce and cool the single “°Ca* ion to the Doppler limit.
Then, we apply the five-radio-frequency field around w, with
fixed amplitude and acquire the fluorescence signal in parallel.
After this measurement, we properly tune the 423-nm laser to
produce a single *Ca* isotope and form the *Ca* -*°Ca™ i
crystal in order to determine €2 . The formation of the crystal
is certified by monitoring the fluorescence signal with the
EMCCD camera until the fluorescing ion moves away from
the trap center due to the Coulomb interaction between the
ions [see the images in Fig. 1(a)]. After the crystal is formed,
we apply the excitation field around €27 and again acquire
the corresponding fluorescence signal. The 397- and 866-nm
beams were continuously applied to the ions during the entire
sequence.

The frequencies w, and 2 are determined through the dis-
crete fast Fourier transform (FFT) of the detected PMT signal
after applying the comblike radio-frequency field shown in
Fig. 1(b). Considering a data array of length ny, with inputs
X, that are evenly spaced in time by samples of size ng, the
discrete FFT of such input is

b — 1.

Ny 1
mk
meexp< 2m—> k=0,1,...,n
3

This transform maps the components of the input signal
onto a spectrum of discrete frequencies f; given by

f[ =lfr, ’nb/zv (4)

where f. = 1/(nyn;) is the frequency resolution of the Fourier
spectrum and f; = 1/b; is the sampling frequency. The trans-
form satisfies FFT,, _; = FFT}; hence, the value of the FFT
for positive frequencies is the conjugate of the values for
negative frequencies. This symmetry is exploited to efficiently
compute the FFT only for positive values of f;.

We analyze the signal recorded during a time window
tw = npng that may be a submultiple of the PMT acquisition
time, i.e., ty, = tpmr/n. The acquired dataset consists of five
intervals, one for each tooth of the radio-frequency comb. The
data analysis comprises the following steps:

(1) Compute a histogram of the time-stamped counts
with a temporal size of by =250 ns and a time window
of t, = tpmr = 10 s, yielding a dataset with a resolution of
f: = 0.1 Hz and sampling frequency of f; =4 MHz. This
choice allows us to sample signals of up to 2 MHz for different
values of #, [29].

(2) Split the histogram into ng = 5 intervals, each of them
containing information on a single frequency f; of the radio-
frequency comb and corresponding to a time window of
L =25.

FFT, =

l=—ny/2,...

(3) If #, < 10 s, split the histograms into n subintervals,
each of them corresponding to a time window of #,¢/n.

(4) Perform the zero padding of the individual intervals to
maintain the frequency resolution of f; = 0.1 Hz.

(5) Compute the magnitude of the FFT, i.e., |[FFT]|, for each
of the n subhistograms.

(6) For each of the n; slices, select a single FFT spectrum
with magnitude |FFT|, among the n subhistograms and then
sum the ng; FFT spectrums. This operation yields an individ-
ual measurement with a time window of ¢, = fpyvr/7 and an
excitation window of t = ty,/ng = tpmr/ (15 ).

(7) Compute the frequencies f; of the FFT spectrum with
ft = 0.1 Hz and find the FFT intensities at the position of the
radio frequencies f;.

(8) Perform a Lorentzian fit by considering the five peaks
as the input data and setting the offset of the fitting function
to the mean background of the signal. The width, center, and
area of the Lorentzian are set as free parameters.

FFT signals for different unbalanced two-ion crystals are
shown in Figs. 2(a) and 2(c) for an endcap-driving ampli-
tude Vg, =2 mVy,. At the trap center, this results in an
effective driving amplitude of 1.4 uV with a peak electric
field of 3.4 uV/um. The fluorescence signal was recorded
with the PMT for fpyr = 10 s (equal to ¢, in this case). The
frequency-resolving power 2,/AQ, pwam = 620 results in a
mass-resolving power m/Ampwum ~ 310. Figure 2(b) shows
the axial oscillation of the sensor ion, obtained from the EM-
CCD image, for the different data points (comb frequencies)
of Fig. 2(a). The maximum oscillation amplitude z"** goes
from 1.14(2) to 4.95(3) um for the minimum and maximum
FFT intensities, respectively. These amplitudes correspond
to kinetic energies of about 40 and 720 mK, respectively.
Figure 3 shows FFT signals from shorter individual mea-
surements with #, = 500 ms (consisting of five subintervals
of 100 ms) and 100 ms (five subintervals of 20 ms) and
Vaip = 3 mV,. Featured peaks are always observed even for
tw = 100 ms, although fitting curves were obtained only when
ty = 500 ms for 3 mV,, as shown in Fig. 3.

The signal-to-noise ratio (SNR) of a particular peak in the
FFT spectra is computed as

S—B
SNR = ——, 4)
ABrwam

where S represents the height of the peak, B is the mean
intensity of the background signal, and ABpwpm corresponds
to the FWHM fluctuations of the background signal. Figure 4
shows the evolution of the SNR of the most intense peak at
f3 with the time window t,, for the *Ca™-*'Ca* crystals. Each
data point corresponds to an average of 10 measurements, and
the error bars represent 1o deviations from the mean values.
The left (right) panel of Fig. 4 corresponds to an excitation
amplitude of 2 (3) mV,,, whereas the shaded areas outline
the time windows where the Lorentzian fit to the data was not
possible.

Alternating frequency measurements with single Doppler-
cooled ions and two-ion crystals were performed to evaluate
the optical mass identification method with the setup in Fig. 1.
A reference measurement of w, with a single Doppler-cooled
#0Ca* jon was carried out before (at time #,_;) and after (f;,;)
a measurement of Q" of a #Ca™-*Ca™ crystal at time 7 to
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FIG. 2. (a) FFT of the detected photons from f; to fs in
Fig. 1(b) around €; (f3) for **Ca* -**Ca*. The solid circles indicate
the FFT intensities for excitations at f to f5. The red solid curve
is a Lorentzian fit considering these data points and the average
background level. (b) Axial projections of the EMCCD images when
applying the radio-frequency-comb spectrum shown in Fig. 1(b). The
solid lines are fits following the function derived in Ref. [30]. (c) The
same as (a) for independent measurements with “*Ca*t -*°Ca* and
2Ca*-*Ca™. Each spectrum is extracted from a single measure-
ment with ¢, = 10 s.

account for fluctuations of the voltage U or any other possible
factors that perturb w, and 27. Each measurement in turn
consisted of 10 consecutive measurements with tpyr = 10 s
each. A linear interpolation between the two reference mea-
surements of w, was performed at times #;,_; and ¢, to obtain
w; att; and, in this way, the ratio £ (;) = Q_ (#;)/w,(#;). Recall-
ing Eq. (1) and considering g; = ¢, = 1, the frequency ratio
(in the linear approximation) can be calculated from known
mass values as [13]

l+———, 6)

with

8(1) = S(ti)\/[SQ;(ti)/Q;(ti)]z + [bo-(t)/w: (). (7)
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FIG. 3. FFT of the detected photons for ACa®-4Ca® (A =
42,44, 48) from single measurements with ¢, = 500 ms (top) and
ty = 100 ms (bottom). The amplitude of the dipolar field is 3 mV/,.
The red solid curve is a Lorentzian fit to the data. A partial response
to the radio-frequency comb is still observed when #, = 100 ms.

The relative deviations of the measured ratios &, [£(#)]
with respect to the expected values &, for the ACa*-*Cat
crystals with mg/qs = 40 were evaluated and are shown in
the left panel of Fig. 5. The ratios &, are obtained after
substituting the values of w from the literature data [31,32]
in Eq. (6). The measurements were carried out for several
amplitudes of the excitation field (Vgip = 2, 3,4, and 5 mV,p).
The results for the *Ca*-**Ca™ crystal agree with the ex-
pected values within an uncertainty on the order of 10~* in
all cases. Under approximately the same experimental condi-
tions, (exp — &biv)/Evib deviates more than 1o (but less than
20) for the “Ca*t -%°Ca*t and “®Ca* -4°Ca™ crystals for the
smallest excitation amplitude. This shift becomes larger than
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FIG. 4. Signal-to-noise ratio of the most intense peak in the
FFT as a function of the time window t,, for excitation amplitudes
of 2 mV,, (left) and 3 mV,, (right). The shaded areas depict the
timescales when the Lorentzian fit could not be performed.
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FIG. 5. Left: Relative deviation of &, with respect to &, for
ACa™ -*°Ca™ crystals and different excitation amplitudes. Right: The
same, but as a function of Vy;p. ,, = 10 s for these measurements. The
same behavior was observed when #, =1 s. When Vg, > 4 mV,,,
the ordered structures of the **Ca* - **Ca* and ¥Ca* - *°Ca™ crystals
vanish for the central frequency of the comb, and the Lorentzian fits
fail; therefore, no results for these cases are shown. For further details
see the Appendix.

20 for Vgip = 3 mV,p, as shown in the right panel of Fig. 5. It
might be considered mass dependent, although the uncertain-
ties overlap. If Vg, > 4 mV, the ordered structure remains
only for the **Ca*-*Ca™ crystal (see the Appendix). 7™,
defined as the oscillation amplitude for z*° shown, e.g., in
Fig. 2 for a ¥8Ca*-*'Ca™ crystal driven with Vg, = 2 mV,,
increases as a function of Vyi,. For the **Ca*-*0Ca™ crystal,
the largest z"** ranged from 5.70(3) to 17.4(1) um for the Vg,
values in Fig. 5. These amplitudes are, in most cases, larger
than the distance between the two ions in the unperturbed
crystal, about 8 um.

The effect of the Coulomb interaction on increasing the
oscillation amplitude of the ions in the crystal has been
considered as a source for this systematic shift. Numerical
calculations were carried out considering only the axial modes
and no influence of the radio-frequency trapping field. The
systematic frequency shifts observed due to the excitation
of the crystals are proportional to zf, with a proportionality
constant depending on the mass difference C(m; — my), as-
suming g, = g, = 1. However, they are below those observed
in the experiments and have opposite sign, which suggests a
different reason than the Coulomb interaction or anharmonic-
ities in symmetric potentials [33]. The effect of the constant
radiation-pressure force induced by the red-detuned laser was
also considered. It would lead to a displacement of the ions
from their expected equilibrium positions by an amount §zj,ger
that can shift the eigenfrequencies of the two-ion system pro-
portionally in first order to 8zjaser/D [34]. Frequency shifts on
the order of 1 x 107> or smaller have been obtained for the
range of masses studied in this paper, which is negligible com-
pared to the statistical uncertainty of the measurements. This
suggests that the deviations observed for the *Ca™ -*'Ca™
and *Ca* -*'Ca™ crystals, which increase with the oscilla-
tion amplitudes, are associated with other effects.

IV. SUMMARY AND OUTLOOK

In this paper we demonstrated the nondestructive identifi-
cation of sympathetically cooled ions in a linear trap using a
radio-frequency comblike structure that excites the axial mo-
tion of the two-ion crystal. The method is fast and sufficient to
discriminate between atomic species of the periodic table with
a mass-resolving power m/Amgwam =~ 310, providing at the
same time a platform for single-ion laser spectroscopy. Single
measurements within times below 1 s can provide the mass
identification in a regime with minimum disturbances due to
the Coulomb interaction.

We implemented a sequence to measure the axial fre-
quency of an individual laser-cooled ion (sensor ion) before
and after the axial-common-mode frequency of the unbal-
anced crystal, formed by the sensor and a “dark” target ion, to
evaluate the mass identification method. When m, — mg < 4,
the motional frequency ratios follow Eq. (6) with a relative
uncertainty of 10~*. When m; — mg > 4, it deviates when
increasing the oscillation amplitude of the ions. The outcomes
from simulations showed that the effect of the Coulomb inter-
action on the axial modes is not visible in the measurements
presented in this paper and the deviations observed when
increasing the oscillation amplitudes of the ion in the crystal
have to be attributed to other factors, which might be mass
dependent. This is important when using this method for
larger differences between the mass-to-charge ratios of the
target and sensor ions. Heavier ions will need other ion species
which have Doppler-cooling schemes similar to Ca™, like
86.87.88G1+ or 134~138Ba* to measure SHEs (with A ~ 258)
with charge states of 37 and 2%, respectively, in order to
keep my/q; — ms/qs smaller and thus prevent large systematic
shifts.

If the conditions in the trap are highly stable, one single-ion
identification can be performed prior to a laser-spectroscopy
experiment or after, e.g., resonance ionization spectroscopy,
improving the sensitivity of the latter by orders of magnitude.
Although our method is conceptually feasible for application
to SHEs, the linear Paul trap should be placed in a beamline
where the target ion can be introduced with high efficiency.
This requires a cryogenic buffer-gas stopping cell [35] to
thermalize the ions and extract and guide them at very low
energies into a preparation trap such as a radio-frequency-
quadrupole (RFQ) buncher to produce pulses for efficient
injection in the linear Paul trap. The Penning trap facility
SHIPTRAP has these elements [36], and the coupling of such
a system can be done after the RFQ buncher by means of
electrostatic optics. In terms of measurement time, the limi-
tation will arise mainly from the time to sympathetically cool
the target ion, which will depend strongly on the energy of
the ion with respect to the trap bottom. Investigations of this
aspect are important because that time will limit the accessible
isotopes according to their half-life. Considering sympathetic-
cooling times on the order of a few seconds, measurements in
the superheavy-element region are still possible.

It is worth mentioning that the results from the axial
motion can be projected to a Penning trap [37], prevent-
ing possible perturbative effects due to the radio-frequency
field and extending the frequency measurements beyond the
axial-common mode. Very recently, the frequencies of all
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FIG. 6. EMCCD images and axial distributions of the *Ca* -*°Ca* crystals at the maximum amplitude 27" (f3). The images are ordered
for increasing values of Vg, from left to right. The bottom panels show the FFT signals from the full comb (f,—f5) and the Lorentzian fits.

motional modes (common and stretch) of the “*Ca*t -4°Ca*
crystal were measured in a 7-T Penning trap [38] using the
fluorescence photons through the detected EMCCD images
or PMT counts as done for a single ion in Ref. [32]. These
measurements needed a large excitation amplitude, showing
strong nonlinearities in many of the resonance profiles and
thus a large deviation of the cyclotron frequency of the target
ion obtained from the generalized invariance theorem [39],
compared to the value obtained from a single-ion measure-
ment in the same experiment. The technique presented in
this paper will need only small oscillation amplitudes (kinetic
energies) to perform a cyclotron-frequency measurement.
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APPENDIX: NOTES ON THE ANALYSIS FOR HIGH
OSCILLATION AMPLITUDES

This Appendix shows the criteria used to discard experi-
mental data in the evaluation of the results after the analysis.
Data were discarded when the crystal structure was broken.
That is the case for the central frequency of the comb (f3)
for the “Ca™-%Ca™ and *Ca™ -*Ca™ crystals at Vg, = 4
and 5 V,, but not for *Ca™-*Ca™ (see Figs. 6 and 7).
As shown in Fig. 7 for the *Ca*-%Ca* crystal, the FFT
signal at the comb frequency closest to resonance f3 (crystal
broken) is smaller than the FFT signal at other frequencies
further away from resonance, for which the crystal structure
remains. In this case, the Lorentzian fit is shifted by a few
hundred hertz, yielding results which deviate from the correct
values. That is the case for all measurements on **Ca™* -4°Ca™*
and ¥Cat-4Cat at Vaip =4 and 5 V,,. Data were also
discarded when a clear asymmetry was observed in the FFT
spectrum, indicating that the frequency of the dipolar field
applied deviated more than 800 Hz (twice the frequency step
of the comb). In such cases one cannot state which is the
maximum FFT signal, and only part of the Lorentzian profile
can be obtained. This, however, can be overcome in future
experiments by increasing the frequency width of the comb
up to a factor of 10 (20 kHz), maintaining the frequency step

043255-6



ENHANCING NONDESTRUCTIVE MASS IDENTIFICATION ...

PHYSICAL REVIEW RESEARCH 6, 043255 (2024)

’;:‘ 1.0
© 08
2 06 10 um
% 0.4 =
i 0.2

4OCa+ ! 48Ca+

2mVy,

°

3

T 2r [ ® + ° v~ - T~ ,
~ o

= ® o~

@ < N Ne

< ~

g ‘e ~

£, . 2 4D vy -

- 1r T « ~ 1 ° 1

w i, it ol

w L

0‘ L L L L L L ‘ L L L L L L
560 562 564 560 562 564 560 562 564 560 562 564

Frequency (kHz)

FIG. 7. EMCCD images and axial distributions of the “*Ca* -4°Ca* crystals at the maximum amplitude z™*. The images are ordered for

s

increasing values of Vg, from left to right. The crystal is melted for the largest amplitude (frequency f3) at Vi, = 4 and 5 V,;,, decreasing the
intensity (for f3) indicated by the thick black arrow, preventing the Lorentzian fit.

of 400 Hz and tppr = 10 s (200 ms per frequency step), which
still provides a sufficient signal-to-noise ratio to perform the

five-point Lorentzian fit with the minimum endcap-driving
amplitude.
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