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Many phenomena described in relativistic quantum
field theory are inaccessible to direct observations,
but analogue processes studied under well-defined
laboratory conditions can present an alternative
perspective. Recently, we demonstrated an analogy
of particle creation using an intrinsically robust
motional mode of two trapped atomic ions. Here, we
substantially extend our classical control techniques
by implementing machine-learning strategies in our
platform and, consequently, increase the accessible
parameter regime. As a proof of methodology, we
present experimental results of multiple quenches and
parametric modulation of an unprotected motional
mode of a single ion, demonstrating the increased
level of real-time control. In combination with
previous results, we enable future experiments that
may yield entanglement generation using a process in
analogy to Hawking radiation.
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1. Introduction

Many intriguing processes suggested in the context of relativistic quantum field theory are
currently inaccessible to direct observations, including, for example, particle creation in the early
stages of our universe [1,2] and Hawking radiation [3]. Realizing similarly extreme conditions in a
laboratory setting, to address, e.g., the Sauter-Schwinger effect [4], presents an outstanding task.
However, establishing analogue processes can be an alternative approach to gain insight. This
has been done using a variety of experimental platforms [5-13]. The trapped atomic ion platform
is well suited to study fundamental quantum dynamical effects and ongoing developments
in technology and methodology are propelled by the endeavour to work towards quantum
computing applications and quantum metrology. Individual atomic ions feature unique fidelities
in preparation, control and detection of quantum states and can preserve fragile quantum
mechanical states for long durations due to their near ideal isolation from environments [14,15].
Recently, experiments demonstrated the creation of pairs of phonons, accompanied by the onset
of spatial entanglement of two ions in a Coulomb coupled lattice [16]. Aspects of these results can
be interpreted as an experimental analogue to an inflationary period of an early universe [17-19].
In our manuscript, we build on previous results and detail extensions of our toolbox, which are
designed to play back extreme (non-adiabatic) conditions acting on carefully initialized quantum
harmonic oscillators states. Using machine learning strategies, we substantially increase the level
of our classical control techniques, implement fine tuned quenches and parametric modulations of
the trapping potential to push the accessible parameter range further into the extreme. Finally, we
outline steps for future realizations of a process that generates entanglement and present features
that are analogue effects of Hawking radiation.

2. Methods

Our experimental set-up integrates a linear radio-frequency (rf) ion trap in an ultra-high vacuum
chamber with a residual gas pressure below 1078 Pa, and most of the relevant techniques
employed here are described in detail in [16] and in an introductory review of the trapped-
ion platform [14]. Here, we choose a single Mg ion to implement a pseudo spin system
(internal/electronic degree of freedom) on two suitable S;» hyperfine ground states, labelled
|{) and [1) and we employ Doppler cooling and subsequent resolved sideband cooling via two-
photon stimulated-Raman transitions [14]. Using a collection of predesigned pulse sequences,
we routinely initialize all three (decoupled) normal modes of the single ion to near the three-
dimensional ground state (vacuum) with low mean thermal occupation numbers (n)g, < 1. We
employ established techniques to reconstruct population distributions of the motional states by
individually mapping them to the spin states, and subsequent electron shelving to distinguish
[{) (bright state) from |1) (dark state), cf. [14]. The mapping technique is based on the coherent
coupling of the internal and external degrees of freedom via resonant transitions |}, n) <> [{,n + 1)
(blue sideband) and ||,n) <> [1,n — 1) (red sideband), where |n) denotes the corresponding
number state of the individually addressed mode. In particular, we can determine amplitudes of
the individual Fock states spanning thermal (1), coherently displaced (n)asp and squeezed (11)sq
mode excitations. Radial confinement within the x—y-plane is dominated by an rf potential formed
by a pair of electrodes connected to a single source and additional electrodes are referenced to
rf ground. For our experiments, we require fast and precise control of the applied rf voltage U
tuneable between 0V and 800V and oscillating at £2,¢/(27) >~ 56 MHz. Our generator hardware
system consists of a signal generator with fixed amplitude and frequency, a rf mixer controlled via
an arbitrary waveform generator [20] delivering an output amplitude U, a high power amplifier
(output power ~ 40 dBm), a circulator and a helical resonator with a loaded quality factor Q ~ 100.
The gold covered copper rf resonator is an integral part of our vacuum feedthrough and connects
directly to both rf electrodes that present a capacitive load. We collect a signal from a dedicated
pickup electrode that is capacitively coupled to the rf electrodes inside the vacuum chamber
and monitor its amplitude U, o U. In addition, we use six control electrodes, each controlled
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by a channel of the arbitrary waveform generator, to fine tune ion positions, motional mode
frequencies and orientations. Our real-time data acquisition system with timing resolution of 10 ns
plays predefined waveforms Uc(t) and controls laser pulse sequences on demand.

For simplicity, we ensure in our experiments by an appropriate choice of mode orientations
and frequencies that modulations of U predominantly lead to non-adiabatic dynamics on one
radial mode with frequency w, pointing primarily along the x direction, as illustrated in figure 1a.
To pre-estimate the dynamics along this mode and benchmark our experimental results, we can
approximate the effect on the rf potential by the second-order term of a quasi-static (pseudo)
potential expansion [14]. Therefore, we can reduce a corresponding numerical study on the
dynamics of a single harmonic oscillator with time-dependent eigenfrequency w(t) in following
form [21]:

H(t) = ho(t) (a*& + %) - %w [&2 - (a*)z] . 2.1)

Here, time-independent basis operators a' and a4 defined for the initial mode frequency
wini = 0(0) ~ 27 2.8 MHz are used and we assume an initial vacuum state (experimentally we find
(n)ini <0.1). Note, we record w(Up) in independent calibration measurements [16] and adjust our
numerical estimations by explicitly setting w(t) = w(Up(t)). As long as the dynamics is adiabatic,
i.e. the external rate of change w/w is small compared to w, the wave function ¥, describing the
mode, can continuously adapt and stays close to the instantaneous ground state for all times.
However, if the variation leads to violations of the adiabaticity condition (o <« w?), the wave
function deviates from the ground state. In that case, ¥ turns into an excited, squeezed state, and
remains excited even when the variations come to a hold again. In the following, we distinguish
between two non-adiabatic (extreme) regimes where eigenfrequency changes are (i) quenched
(by rapid and strong pulses) and (ii) parametrically resonant to 2win;, the latter also recently
shown in [22]. In case of (i), we focus on Gaussian shapes of the quenches characterized by their
width §7 and amplitude Aw. We depict an exemplary result of our numerical calculations in
figure 1b,c to illustrate the dynamical evolution of ¥ for @/w? ~5 and visualize the squeezing
effect by a snapshot of the corresponding Wigner function W(x, p) after the quench. In the phase
space diagram, we reference the width of the ground state wave function xin; = /71/(2mwin;) of the
oscillator with mass m. In the following, we set xin; to one (unitless) and quantify the squeezing
amplitude by the average phonon number (n)sq = sinh(r)? using r= %arccosh[(Ax)2 + (Ap)z].
For this, we define (dimensionless) position ¥ =a' 44 and momentum p =i (@" — 4) operators,
corresponding expectation values x(t) = (¥) and p(t) = (p), and variances (Ax)%(t) = (¥%) — (%)?
and (Ap)?(t) = (p?) — (p)?. The final amount of squeezing critically depends on the details of the
temporal evolution of w(t) and we can iteratively adjust the parameters §7 and Aw to find maximal
|7]. In case of (ii), tunings of control parameters are less critical and sinusoidal modulation with
amplitude Swpoq, frequency wpoq =2 wini and duration Tp,oq yield parametric amplification of
vacuum fluctuations. Here, squeezing r scales linearly with Awy,oq and duration Tp,q.

In particular, when implementing waveforms for quench squeezing in our experiments we
need to be able to reproduce parameter settings with high accuracy. The finite bandwidth,
significantly limited by the helical resonator, and specific characteristics, i.e. nonlinearities of
the rf mixer and other components, of our current rf generator set-up lead to a non-trivial
transfer function T. Consequently, input waveforms U(t) are significantly distorted and our set-
up produces outputs U(f) = T(U.(t)) with maximal slew rates >~ 0.1kV ws L. Consequently, we
must pre-compensate for the transfer effects of the set-up, cp. [20]. We implement a machine-
learning algorithm using the PyTorch package [23] that trains and optimizes input waveforms
U (t) by self-evaluating recorded Uy (f) to produce desired outputs U(t) [24]. In this way, we are
able to increase output slew rates by more than a factor of 10 to > 1kV ps~! and produce quench
pulses U following the desired Gaussian shapes.
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Figure 1. Single trapped-ion system for deterministic control of quantum harmonic oscillators under extreme conditions. (a)
Image of the fluorescence light of a single trapped Mg ion, superimposed with illustrations of the tunability of the ion’s
trapping potential (yellow wiggles with dials) using the control parameter U. In particular, by real-time tuning of U, we
implement a time dependence of one of the normal mode frequencies w(U(t)). (b) A numerical simulation of the experimentally
accessible parameter regime, where the trapping potential is strongly and rapidly switched (quenched), w(t) is described
by a Gaussian waveform with a characteristic duration width of §7 =~ 0.5 x 27t /w(0); black curves show corresponding
equipotential lines. The dynamical evolution of the ground-state wave function is illustrated in colour code. () The Wigner
function of the final state at T illustrates the phase space representation of a pure squeezed state with average phonon number
(n)sq 22 1. Dashed circle indicates the extend of the ground state wave function. (Online version in colour.)

3. Results

In a first series of experiments, we implement sequences with a single quench of the rf potential
(figure 2a) with AU? between zero and 5.4dB and fixed §7 ~0.18 s to fine tune ion positions.
In this parameter regime, we expect squeezing amplitudes of (1)sq <0.2, supported by our
numerical estimations. Residual ion displacements from the rf minimum translate to coherent
displacement excitations by the quench [16]. Note, coherent displacement amplitudes are given
by (Masp = la|? with la(t)| = /x2(t) + p2(t). We probe spurious (n)gsp as a function of the ion
position in all three spatial directions, iteratively for increasing pulse amplitude. For optimized
position parameter settings, we record (1)qsp,1 as a function of AU? and show resulting data
points (black points) in figure 2b. Spurious displacements are significantly larger than the
expected squeezing amplitudes. However, these parasitic excitations can be partially eliminated
by coherent kicks back to the ground state via a second quench (purifying echo pulse). In this
amplitude regime, this requires approximately the same amplitude after an optimized delay At;
this second kick needs to be aimed towards the origin in phase space. Waiting durations At
between both pulses require tunings with an accuracy close to the time resolution of our data
acquisition system and lead to a technical limitation of the purification effect. We quantify the
purifying effect and plot reduced (n)4sp2 as a function of AU? for two consecutive quenches
(red data points) in figure 2b. A combined model fit to both data sets (single and double pulse
sequences) yields a suppression by 8p = (1)dsp,1/(1)dsp,2 = 51(2). In figure 2(c, top), we illustrate
this effect for maximal pulse amplitudes by plotting corresponding Wigner functions Wy (x, p) and
Wa(x, p) for the single and double pulse sequence, respectively.

In a second series of experiments, we apply higher pulse amplitudes with AU? between 5.8 and
6.3 dB to produce significantly squeezed states via the two quench sequence. Ideally, the second
pulse fulfils two purposes: (i) reducing spurious displacements (figure 2c), and (ii) amplifying
squeezing seeded by the first quench. We iteratively adjust the amplitude of the second quench
U + 8U and At in sets of dedicated calibration sequences for achieving close to ideal conditions
for all probed AU?. Data within this amplitude regime are shown in the grey region of figure 2b.
Here, we fit our results with contributions of squeezing (1)sq (blue data points) and coherent
displacements (n)dasp (red data points), and find (1)sq =~ (n)asp within the probed regime. We show
the reconstructed phonon distribution for (1)sq =2.13(9) and (n)gsp = 2.4(8) and corresponding
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Figure 2. Quench squeezing applied to a single ground-state cooled ion. (a) Schematic of the pulse sequence with an optional
purifying pulse to mitigate spurious displacements within the rapidly tuned trapping potential. The trapped ion is cooled initially
near to the three-dimensional ground state of motion with (n});, < 0.1for the corresponding mode. (b) A single quench with
variable amplitude AU? up to 5 dB and fixed width 8 = 0.18 ys yields significant parasitic coherent displacement (1) s,
(black points). The optional second quench with optimized waiting duration A and amplitude (AU — 8U)? (with the same
width 87) kicks displacements back to the origin (red squares), we find an effective suppression of 51(2). For even higher
quench amplitudes (grey region) using optimized double-pulse sequences, we detect excited coherent states with comparable
contributions of squeezing (n)s, (blue diamonds) and residual displacements (n) 4, (red squares). (c) Phase space illustrations
of the Wigner functions and detected Fock state distributions for exemplary final states after a single and double pulse sequence
with AU? ~ 5dB (top) and higher amplitude AU? ~ 6.3 dB (bottom) resulting in a squeezing of r = 1.1(3). (Online version
in colour.)

Wigner function, produced by sequences with AU? =6.3dB and §U? =0.27(3) dB in figure 2(c,
bottom). Note, the quench amplitude of the second pulse needs to be lowered with respect to the
first pulse as the seeded displaced and squeezed states are more sensitive to forces than the initial
vacuum state [16], since operators for squeezing and coherent displacement do not commute.

In a final series of experiments, we benchmark parametric amplification sequences for
generation of squeezed states that are intrinsically robust against parasitic displacements
(figure 3a). In preparation of these experiments, we calibrate wpoq while applying the
amplification sequence for fixed dwmoq > 27w 8kHz and Tpoq = 196 X 27 /wmeq. We find wmeq =
1.979(1) @ and attribute this detuning to an effective, negative offset of average U during the
amplification sequence resulting predominantly from non-linearities in our rf generator set-up.
In figure 3b, we show reconstructed squeezed state amplitudes (11)sq as a function of Troq and
a corresponding model fit to the data using: sinh(27 ¢ Tmoq)?. Here, ¢ denotes the parametric
coupling strength [22] and we determine a best fit value of g/(27) =4.64(6) kHz. All data are
consistent with (m)asp =0, indicating that close to pure squeezed states are produced, see inset of
figure 3b that shows the Wigner function for maximal Tp,eq.

A next-generation experiment builds on our current findings in combination with previous
results that benefit from intrinsic features of a two-ion crystal [16,19] and enable studies of
entanglement properties. Similar to the case of cosmic inflation [16,19], we can identify analogies
of our envisioned experiment to delicate features of Hawking radiation expected to appear
in vicinity of black holes, i.e. resulting during black-hole evaporation. In particular, we can
access an effective Hawking temperature Ty regime by tuning our quench and/or modulation
parameters [16]. Adjusting the time-dependence of the mode frequency mimics the tearing apart
of quantum vacuum fluctuations near the black hole horizon by the strong gravitational field.
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Figure 3. Intrinsically robust, parametric modulation sequence for pure squeezing. (a) lllustration of a parametric modulation
of the trapping potential U. We modulate with fixed frequency wnoq = 2w and amplitude Swmog 2~ 27 8 kHz for a variable
duration Tyo4. (b) Experimental results for the motional excitation as a function of To4; the data are consistent with (n) g5, = 0.
(Inset) Wigner function of the detected final state for Tog 2~ 224 X 27 / oy illustrating a squeezing of r = 1.16(5). (Online
version in colour.)

To discuss extended experimental sequences that can study such effects, we outline a three
step process that deterministically (i) seeds, (ii) generates, and (iii) transfers entanglement of
the spatial degrees of freedom of two ions into their electronic degrees of freedom, enabling
the direct quantification of the amount of entanglement. In figure 4, we illustrate ions A
and B that are initialized close to the ground states in all motional degrees of freedom. Ions
align along the direction of the weakest confinement, here, the z axis of the trap, interact
individually with the common trapping potential and with each other due to their mutual
Coulomb interaction. In this scenario, the initiation step (i) will produce a squeezed state of a
common radial mode, for example via modulation of the axial trapping potential assisted by the
Coulomb interaction [19], or (directly) via modulation of the radial trapping potential [16]. During
step (ii), the strongly coupled ion pair will effectively become uncoupled using state-of-the-art
separation techniques [25]. This step needs to be carefully calibrated to avoid further excitation
of the squeezed degrees of freedom to yield a distant (non-local) entangled pair of ions. Finally,
step (iii), coherently couples the individual (entangled) oscillator states to the ions’ electronic
degrees of freedom. The subsequent read out of the electronic states enables reconstruction of
the individual phonon distributions. These phonon distributions can be described by an expected
mixed-state distribution, parametrized by Ty. Note, for maximal transfer to the electronic states,
the entanglement is robustly stored and can be quantified directly.

4. Conclusion

Squeezing is one of the major differences between classical and quantum physics and underlies
many intriguing phenomena, ranging from parametric down-conversion in quantum optics to
cosmological particle creation and Hawking radiation. Naturally, as an inherently non-classical
property, the controlled creation and detection of squeezed states in the laboratory can be a
challenging task. A frequently used option is parametric resonance. In a simplified harmonic
oscillator picture, this mechanism can be visualized by small oscillations of the oscillator potential
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time T

Figure 4. Next-generation experiments in analogy to Hawking radiation building on our demonstrated toolbox. Similar to our
recent results [16], two co-trapped ions, labelled A and B, are used in this scenario to implement an extended experimental
sequence that follows three crucial steps. (i) Trapping parameters are adjusted to yield strong coupling (wiggle with dial on
high, i.e. strong axial confinement) between the two ions and tailored waveform sequences are played back to squeeze a
common mode of motion. (ii) After this significant amplification of the quantum vacuum fluctuations, the inter-ion coupling is
adiabatically reduced (wiggle with dial on low, i.e. reduced axial confinement) to yield two effectively disconnected ions in a
spatially entangled state. (iii) The uncoupled (ions are located in individual wells) motional state of ion B is read out using an
appropriate laser pulse sequence, projecting also the distant (non-local) ion A into a well-defined state. On average of multiple
repetitions of such sequence, the detected phonon distribution is expected to appear as a mixed state distribution, parametrized
by an effective Hawking temperature Ty. Further, a Bell test can be performed in our platform and requires additional local
measurements on ion A. The fidelity of the full final state can be used to check for spurious systematic effects that are introduced
during such sequence. (Online version in colour.)

at twice the frequency of the oscillator. A sufficiently large number of these small oscillations
can then generate a measurable amount of squeezing, which is the fundamental mechanism
behind parametric down-conversion, for example. An alternative mechanism for generating
squeezing is a large and rapid (i.e. non-adiabatic) change of the oscillator potential. This process
is more analogous to cosmological particle creation and Hawking radiation, where the quantum
vacuum fluctuations are torn apart by the extreme external conditions—which correspond to
large variations of the oscillator potential. Realizing such a process in the laboratory, however,
is even more challenging. Here, we report on the generation of squeezed states in the motional
degrees of freedom in ion traps. For a single ion, we achieve a squeezing strength of r =1.1(3)
via the timed two-pulse sequence depicted in figure 2a. This sequence is advantageous because
of two main reasons. First, the initial preparation and the final read-out are done best at strong
radial confinement, i.e. large oscillator frequency. Second, the destructive interference of coherent
displacements via the two pulses facilitates a strong reduction of the unwanted background,
similar to state-of-the-art approaches for dynamical suppression of noise fields and for arbitrary
quantum control via filter transfer functions (e.g. [26,27] and references within). Since the
mapping from the input voltage (as a function of time) to the output voltage (generating the trap
potential) is nonlinear as well as non-local in time, generating the two-pulse sequence depicted
in figure 2a is a non-trivial task. Via a machine learning algorithm, we optimized the input signal
in order to achieve an output as close as possible to the desired sequence. For comparison, we
also modelled the process of parametric resonance (figure 3). In contrast to Hawking radiation
(corresponding to a ramp of the potential), this process is more analogous to scenarios for the
process of re-heating at the end of the inflationary epoch in the early Universe (or to parametric
down-conversion in quantum optics), see also [22]. For two ions, a timed two-pulse sequence, as
depicted in figure 24, yields a squeezed state of the motional out-of-phase mode. As an additional
feature of this set-up, entanglement between the two ions is generated in their motional states
and could, in principle, be transferred to their electronic states. Owing to this entanglement, the
two-ion case is a closer analogue to Hawking radiation or cosmological particle creation. In this
analogy, one ion represents the Hawking radiation emitted by the black hole, while the other
ion corresponds to its partner falling into the black hole. Owing to the entanglement between
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the two ions, their pure quantum state appears as a mixed state (like a thermal ensemble)
when only one ion is considered. The entanglement between the two ions caused by the non-
adiabatic ramping manifests itself in a non-zero entropy of the mixed state of one ion—analogous
to the entanglement entropy of Hawking radiation, which is often discussed in relation to the
Beckenstein-Hawking entropy of black holes. As an outlook, one might squeeze two or more
ions via parametric resonance (in analogy to the re-heating scenario mentioned above) as in
figure 3 and compare the results to the non-adiabatic ramps considered here. The next step
could be to consider more general time dependencies which opens the door for more analogies
(e.g. the Sauter-Schwinger effect). As another generalization, one could take into account more
modes (not just the out-of-phase mode), which would facilitate the study of frequency-dependent
spectra. Even though it is non-trivial to achieve full quantum control of a larger number of ions,
many laboratories worldwide are pursuing this goal—mostly motivated by large-scale quantum
information processing applications.
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