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Measuring Ion Oscillations at the Quantum Level with Fluorescence Light

G. Cerchiari ,1’* G. Araneda ,1’2 L. Podhora ,3 L. Slodiéka,3 Y. Colombe,1 and R. Blatt®'*
"Institut fiir Experimentalphysik, Universitiit Innsbruck, Technikerstrasse 25, 6020 Innsbruck, Austria
2Department of Physics, University of Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom
3Department of Optics, Palacky University, 17. Listopadu 12, 77146 Olomouc, Czech Republic
*Institut fiir Quantenoptik und Quanteninformation, Osterreichische Akademie der Wissenschaften,
Technikerstrasse 21a, 6020 Innsbruck, Austria

® (Received 7 October 2020; accepted 17 May 2021; published 4 August 2021)

We demonstrate an optical method for detecting the mechanical oscillations of an atom with single-
phonon sensitivity. The measurement signal results from the interference between the light scattered by a
trapped atomic ion and that of its mirror image. We detect the oscillations of the atom in the Doppler
cooling limit and reconstruct average trajectories in phase space. We demonstrate single-phonon sensitivity
near the ground state of motion after electronically induced transparency cooling. These results could be
applied for motion detection of other light scatterers of fundamental interest, such as trapped nanoparticles.
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Observing trapped ion oscillations is an established
research technique for precision measurements of funda-
mental constants and for studying fundamental quantum
physics [1-3]. In the trap, ions are confined in free space
and are well isolated from the surrounding environment.
Observation of their oscillations around the equilibrium
position allows, for example, the precise determination of
the masses of atomic elements and of the electron [4,5], as
well as testing the symmetries between matter and anti-
matter [6,7]. Motional quantum effects can also be explored
and manifest themselves at the lowest temperatures of the
oscillator [8—10]. In trapped ions, cooling and detection of
nonclassical states of motion are achieved via laser inter-
action [11,12]. These states are observed by reconstructing
the Wigner function by quantum state tomography [13]
or by measuring phonon state populations [14]. In such
experiments, sensitivity at the quantum level relies on the
electronic structure of the ion, which allows resolving
and addressing the motional sidebands in one of its
transitions [15].

In systems larger than ions, such as mesoscopic micro-
membranes, microcantilevers, and levitated nanoparticles,
the measurement of oscillations offers interesting prospects
for force sensing and fundamental investigations in the
quantum regime [16,17]. Unlike atoms, these systems
do not possess narrow internal transitions, but they can
be cooled to the motional ground state [18-20]. As for
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atomic ions, levitated nanoparticles are trapped in free
space. For nanoparticles, the lowest temperatures are
achieved via coherent light scattering in a Fabry-Pérot
cavity [21-23]. Another approach is the direct observation
of the particle position via light scattering for active
feedback cooling [24]. In this regime, resolving a single
quanta of motion may allow feedback cooling to the ground
state and the observation of quantum states of motion.
Experiments with atomic ions have used the light
scattered on a dipole transition for motion analysis and
feedback cooling [25-27]. In this context, it was shown that
the variance (g?) of an ion state of motion could be resolved
with the precision of a single quantum [28]. The signal was
obtained by averaging the detected light over several
oscillations of the ion. This method cannot be applied
directly to characterize a quantum state of motion because
the constant and oscillating parts of {g*) are not resolved
separately. Sensing the motion of a trapped ion at the
single-quantum level in a time-dependent fashion is still a
challenging task. However, improved detection schemes of
the scattered radiation can allow for the direct analysis of a
trapped particle’s quantum motion. Recently, it has been
predicted that the light scattered by a dipole emitter could
grant such sensitivity for the position operator (g) [29].
Thus, feedback cooling of a nanoparticle to its ground state
of motion should be possible without the need for an optical
cavity. Similarly, measurement of atomic motion at the
quantum level may be accessible without the need for
sideband spectroscopy on a narrow transition. In this Letter,
we demonstrate that self-interference of light scattered
by a trapped ion can provide sensitivity at the single-
phonon level for the ion’s oscillations. First, we show
simultaneous detection of the ion’s oscillation modes and
the reconstruction of phase-space trajectories. Then, we
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analyze the technique’s sensitivity near the motional
ground state.

We confine a single '*®Ba* ion in a linear Paul trap. The
motion of the ion has three orthogonal modes of oscillation
with frequencies w, /27 ~ 1.61 MHz, w,/27 ~ 1.65 MHz,
and w_ /27 ~ 0.92 MHz. The radio frequency field used for
radial confinement is driven at Q/2z ~ 15.1 MHz. The
ion is Doppler cooled on the 6S,,, <> 6P}/, transition at
493 nm with a laser beam propagating in a direction with
projection over all three normal modes [30]. The motion of
the ion is studied by detecting the fluorescence light at
493 nm emitted by the ion in the interferometric configu-
ration depicted in Fig. 1(a). The fluorescence light is
imaged by two in-vacuum confocal objectives with NA =
0.40 [31]. The light collected by one of the objectives is
reflected by a distant mirror (~30 cm away from the ion)
back to the ion. The reflection is superimposed to the direct
fluorescence through the other objective. The photons
collimated by the second objective are directed to two
single-mode fiber avalanche photodiode detectors using a
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FIG. 1. Detection of the ion motion by self-interference of the
light emitted during continuous Doppler cooling. (a) Optical
setup. The Doppler beam has an overlap with all the oscillatory
modes, whereas the optical detection axis has an overlap only
with the radial modes (x—y plane). The ion’s fluorescence is
backreflected by a mirror and detected by two single-mode fiber
detectors and time tagged with a two-channel time-correlated
single photon counting system. (b) Autocorrelation histogram of
the photon detection events. Micromotion is visible, superim-
posed to a slower secular oscillation in the radial modes (x and y
axes). The line is meant to guide the eye. (c)—(e) Power spectra of
the autocorrelation. (¢) Oscillation on the axial mode (z axis),
orthogonal to the optical axis. (d) Radial modes. The red curves in
(¢),(d) are fit functions to the data. (e¢) Micromotion. The black
data corresponds to the setup (a), while the red data are taken
while blocking the reflection of the mirror. The lines are meant to
guide the eye.

beam splitter. The arrival of each photon is time tagged with
a two-channel time-correlated single photon counting
system (PicoHarp 300) with 4 ps resolution. The experi-
ments are limited both by the dead time (100 ns) and by the
jitter (0.8 ns) of each avalanche photodiode.

The photon count rate R results from the interference of
the primary and reflected light beams. The measured rate
depends on the mutual distance ¢ between the ion and the
mirror through

R:Ro[l—i-Vsin @—”q)} (1)

where V is the contrast of the interference and R, is the
average photon count rate. If the position of the mirror is
kept fixed, ¢ depends only on the ion oscillations resulting in
a modulation of the photon count rate R. Real-time meas-
urement of g was demonstrated in Ref. [25]. The scheme
required narrow-bandwidth amplification by mixing the
photon stream with a local oscillator signal. The interference
of scattered light is already used for the detection of
nanoparticle motion [24]. However, the interference is
typically achieved homodyning the focused Gaussian beam
illuminating the nanoparticle with the scattered dipole field.
Our scheme based on self-interference is more flexible by
allowing the orientation of the detection at an arbitrary angle.
Moreover, we collect the position information contained in
both the primary and reflected fluorescence light that
interfere on the detector. These two features can be used
to realize an ideal theoretical arrangement [29] that should
provide detection at the Heisenberg limit (see D in the
Supplemental Material [32]).

In this work, photon arrival times are recorded and
postprocessed. Time tagging allows the detection of all
the modes simultaneously without band filtering. Motion
detection using photon time tagging and postprocessing
was demonstrated in Ref. [33], where, however, the photon
count rate was solely modulated by the Doppler effect
without the use of optical interference.

Continuous Doppler cooling is applied by the 493 nm
beam detuned by A/2z = —35 MHz and with a Rabi
frequency Q/27 ~ 12 MHz. The repumper at 650 nm is
detuned by A,/2z = —10 MHz and induces a Rabi fre-
quency of Q,/2x ~ 14.2 MHz. These values are estimated
by fitting Bloch equation steady-state solutions to scans of
the fluorescence intensity [34]. In this condition, a visibility
of V ~33%-37% is typically measured by scanning the
mirror position over an interference fringe with an average
detected photon count rate of (5 —6) x 10* s~!. To detect
the motion, photon events are registered for ~900 s under
steady-state Doppler cooling of the trapped ion. Figure 1
presents the analysis of data acquired in a single exper-
imental run. The ion motion is studied by computing the
autocorrelation of the photon events. A section of the
autocorrelation is shown in Fig. 1(b), where both secular
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and micromotion oscillations are visible. Figures 1(c)—(e)
show the frequency peaks present in the power spectrum of
the autocorrelation. Since the autocorrelation function is
the Fourier transform of the power spectrum, further
calculating the power spectrum of the autocorrelation
leads to a spectral signal proportional to the fourth power
of the excursion amplitude A (see scales in the Fig. 1).
The peak in Fig. 1(c) corresponds to the axial (z-axis)
mode, which has the smallest overlap with the optical axis
of the confocal objectives. Figure 1(d) shows the x and y
secular modes.

The system can be modeled assuming that the ion
evolves following free trajectories of oscillation on the
three normal modes randomly perturbed at discrete times.
Such events are generated by photon absorption and
emission, collisions with the background gas, or perturba-
tion in the trapping electromagnetic field. All these events
modify the oscillator phase with a random reinitialization
but affect all the modes simultaneously. We used these
assumptions to calculate suitable fit functions [red curves in
Figs. 1(c),(d)] for our data in linear expansion of Eq. (1) in
g/A. Our model describes the data for 5 orders of
magnitude near the oscillation peaks of the radial modes
(x and y), also identifying the interference minimum that
appears at ~1.625 MHz between the modes [see Fig. 1(d)].
The minimum arises from the analysis of the motion via the
two-photon correlation function, which fixes the phases of
oscillations of the different modes to zero at correlation
time ¢ = 0.

Further nonlinear terms in the expansion series of Eq. (1)
contribute with additional peaks in the spectrum. Thanks
to the nonlinear peaks at 2w, —w,~1.57 MHz and
2wy — w, ~ 1.69 MHz, we estimate that the ion oscillates
with 115-125 nm excursion in the radial modes (peak to
peak). More details about the model function and the
amplitude estimation can be found in B in the Supplemental
Material [32]. Figure 1(e) shows the micromotion peak.
Micromotion can also be detected without the reflection
from the mirror (red data points) thanks to the Doppler
effect [35]. However, our measurement shows that the self-
interference technique (black data points) delivers a five to
sevenfold improvement in amplitude sensitivity [36]. We
believe that the measured residual micromotion can be
largely attributed to phase differences in the rf driving
applied to the electrodes due to imperfections in the wiring
of the trap [37].

Time tagging can also be used to reconstruct phase-space
trajectories in reference to a state preparation. Similar to
other schemes [38,39], we impress a phase to the ion
oscillation by an external drive. The position and phase of
the harmonic motion are obtained by synchronizing time
tagging with the drive phase and by averaging over several
realizations. Under Doppler cooling conditions, we drive
the y mode for 50 us, which results in 100 nm excursion
oscillation with a well-defined phase. The experiment is
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FIG. 2. Ion motion after an initial coherent excitation. (a) Aver-

age phase-space trajectory in three 1 ps time windows at
t = {50,500, 1000} us. The slight asymmetry of the trajectories
is caused by shot noise in the measured oscillation amplitude (see
C in the Supplemental Material [32]). Error bars (~8 nm in both
quadratures) are omitted for readability. (b) Phase-space ampli-
tude of the coherent oscillation. The gray line shows the original
data; the black line is an 8 us moving average. The oscillation
profile is displayed up to 1.4 ms, including the rf-driven part and
ringdown. (c¢) An enlargement of the first 80 us.

repeated ~5 x 10° times. The starting point of the rf drive is
used for correlation analysis to calculate the histogram of
photon events arriving at specific time delays from the drive
start. The histogram is filtered and analyzed in Fourier
space to reconstruct the experimental trajectories of the
position ¢ and momentum p quadratures (see C1 in the
Supplemental Material [32]). The p quadrature is normal-
ized by a factor 1/maw,, where m is the mass of the ion. The
combined position and momentum data are plotted in phase
space in Fig. 2(a) for different time intervals, showing
features of a coherent state with decaying amplitude.
Figure 2(b) shows the amplitude of the oscillation calcu-
lated as the distance from the center of the phase space.
An exponential decay fit to the ¢ quadrature gives a 7 =
847(12) us time constant. The coherence time is
unchanged when using a pulsed, instead of continuous,
illumination, ruling out an effect of the cooling laser.
Further measurements by sideband spectroscopy indicate
a trap heating rate < 10 phonon/s (see below). Thus, we
concluded that the observed decay is due to progressive
dephasing of the ion oscillations caused by instability in the
rf trap drive and that it emerges from averaging over
multiple runs (see A2 in the Supplemental Material [32]).

To study the sensitivity of this method near the ground
state of motion, the radial modes of a single ion are cooled
using electromagnetically induced transparency (EIT) (see
Al in the Supplemental Material [32]) [40]. The average
phonon number () is measured by sideband spectroscopy
on the 6S;/, — 5Ds, transition at 1.76 ym by comparing
the strengths of the red and blue sidebands [15]. We vary
the length of the EIT cooling pulse between 0.1 to 5 ms to
obtain (n) between 7 and 0.5. After EIT cooling, the
motion of the ion is probed by using the Doppler beam for
120 us. We note that the light scattered from the Doppler
beam also perturbs the state by back action. With the beam
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on, the heating rate of the ion ground state of motion
increases from < 10 phonons/s to 1200 phonons/s as
measured by sideband spectroscopy.

The sequence consisting of Doppler cooling, EIT cool-
ing, and pulsed Doppler illumination is repeated ~6 x 10°
times over 900 s, during which the setup is sufficiently
stable (see A3 in the Supplemental Material [32]). Figure 3
shows detection of the ion motion at a low phonon number
using the autocorrelation signal of the photons scattered
from the Doppler beam. The spectral power at w, as a
function of the EIT cooling time is given in Fig. 3(a). Here,
the statistical uncertainties of the spectral powers are
estimated from the background in the spectrum. The blue
curve in the main figure is the theoretical squared expect-
ation value of the (g) operator for coherent states having a
mean number of phonon number (n). In this model,
(q)* = cos*(0)h(n)/mw,, where § = 37° is the projection
angle between the y axis and the optical axis (see B1 in the
Supplemental Material [32]). The coherent state model was
selected because the method is measuring the amplitudes
of coherent oscillations detected at specific frequencies and
no amplitude of oscillations should be measurable for the
ground state ((n) = 0). The measured points are offset and
scaled in the vertical axis to calibrate the amplitude such
that the point at (n) =2 corresponds to the theoretical
value. This data allow us to prepare the initial phonon
numbers (n) = 2.0(5), 1.0(3), and 0.5(2) with suitable EIT
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FIG. 3. (a) Power spectral density of the w,/27z = 1.65 MHz
mode as a function of the number of phonons (main figure) and
electromagnetically induced transparency (EIT) cooling time
(inset). The orange grid shows the theoretical values for Fock
states. The blue lines correspond to the square of the theoretical
expectation value of the g operator at the direction of detection for
a coherent state (see main text). (b) Power spectrum of the radial
ion motion for initial phonon numbers 2.0(5), 1.0(3), and 0.5(2).

pulse lengths and compare the sensitivity of the two
techniques. An alternative calibration technique that does
not resort to sideband spectroscopy is introduced in B2 of
the Supplemental Material [32]. For the selected (n), the
measurement is repeated 5 times. These acquisitions are
used to compute the power spectra of Fig. 3(b) evaluated
from the photon autocorrelation. Considering the @, mode
selected for calibration, the two-phonon and one-phonon
spectral powers are distinguished by a 5.60 deviation. At
phonon numbers 1.0(3) and 0.5(2), our analysis indicates
that the two measurements are compatible (< lo). We
attribute this to instabilities in the interference fringe offset
over the total measuring time of several hours (see A3 in the
Supplemental Material). The measurements presented in
Fig. 3 show how our method can be applied to study the
cooling and heating dynamics of diverse mechanical
oscillators for multiple motional modes simultaneously.

In this Letter, we have demonstrated that the stream of
single photons emitted by a trapped ion can be analyzed to
detect its motion at the single quantum level. We have
presented direct optical detection of the ion’s mechanical
oscillations and measured their amplitude, frequency, and
phase. The presented methods do not rely on the internal
electronic structure of the ion and, thus, may find appli-
cation for other oscillators such as levitated nanoparticles.
The technique is limited by the stability of the interference
fringes (see A3 in the Supplemental Material [32]) and,
ultimately, by the back action of the scattered light.
By adopting higher NA optics, the signal over the back-
action effect can be improved to realize either faster or
more precise acquisitions. This hypothesis can be tested in
already existing setups featuring lenses with NA ~ 0.6-0.7
and beyond [24,41,42]. In D of the Supplemental Material
[32], we present how the Heisenberg limit can be reached
by increasing the NA of the optical setup up to NA = 1,
and we compare our method to the forward detection
scheme adopted for levitated optomechanics [29].

The measurement of the ion position operator (g) here
presented can be combined with the measurement of (¢?)
for the analysis of nonclassical states of motion, such as
superpositions of Fock states, squeezed states, or cat states,
in a full-optical manner. The analysis of quantum states is
possible because the relation of (g) and (g?) is lower
bounded for coherent (classical) states, and any deviation
from this law is the signature of a nonclassical state of
motion that can be used to characterize the state. Measuring
(q) and (g*) can be achieved by combining a measurement
at the slope of the interference fringes with one at the point
of destructive interference in which Eq. (1) expands as ¢°.
In the experiments, both (¢) and (g*) can be measured with
similar sensitivity due to the different background count
rates. By assuming the fringe contrast of V'~ 0.9 as
demonstrated in Ref. [28], we calculate that the relative
variation of the count rate induced by a single quantum at
the slope is 11% and at the destructive point is 9%.
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Therefore, by applying the technique described in this
Letter at the destructive point of interference, it should be
possible to resolve both contributions to (g?): the dynamic
component oscillating at 2w and the constant part. This
hypothesis is strongly supported by the result reported in
Ref. [28] in which, by using the same apparatus, the time
average of (g*) was detected with quantum sensitivity by
measuring the variation of the interference fringe contrast.

With the presented techniques, all oscillation modes may
be analyzed simultaneously. In a trapped ion chain, a
chosen ion could be monitored to detect all the frequency
modes of the ion string. Thus, our technique may find
application for sympathetic cooling and study of oscilla-
tions of ion species that cannot be directly laser cooled [43].
Furthermore, the scheme can be used for detecting the
motion of ions in a Penning trap by adapting the trap for
optical access such as realized in Ref. [44]. These exten-
sions can find applications in fundamental physics beyond
the field of quantum optics. Further references used in the
Supplemental Material are Refs. [47-51].
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Note added in proof.—Since submission of this Letter,
feedback cooling of levitated dipolar scatterers has been
demonstrated in Ref. [45]. In Ref. [46], it is predicted that
our configuration may achieve higher sensitivity to dis-
placements than the technique adopted in Ref. [45]. These
findings further strengthen the prospect of achieving
ground state cooling of a dipolar scatterer by feedback
control with our optical setup.
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