PHYSICAL REVIEW LETTERS 131, 043605 (2023)

Featured in Physics

Phonon Laser in the Quantum Regime

T. Behrle ,1
M. Marinelli ,1’§ F. Lancellotti

" T.L. Nguyen,l’i F. Reiter®,'”
' S.F. Yelin®,”

B. de Neeve ,1 M. Stadler ,1
and J. P. Home®'>'

D. Baur ,1

Unstitute for Quantum Electronics, ETH Ziirich, Otto-Stern-Weg 1, 8093 Ziirich, Switzerland
*Harvard University, 17 Oxford Street, Cambridge, Massachusetts 02138, USA
3Quam‘um Center, ETH Ziirich, 8093 Ziirich, Switzerland

® (Received 24 January 2023; accepted 30 May 2023; published 28 July 2023)

We demonstrate a trapped-ion system with two competing dissipation channels,

implemented

independently on two ion species cotrapped in a Paul trap. By controlling coherent spin-oscillator
couplings and optical pumping rates we explore the phase diagram of this system, which exhibits a regime
analogous to that of a (phonon) laser but operates close to the quantum ground state with an average phonon
number of 7 < 10. We demonstrate phase locking of the oscillator to an additional resonant drive, and also
observe the phase diffusion of the resulting state under dissipation by reconstructing the quantum state from

a measurement of the characteristic function.
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Dissipation is intrinsic to quantum systems. While
generally being viewed as an obstacle to implementing
quantum control, it has also been shown to offer a resource
for quantum state preparation and even quantum
error correction [1-21]. In the context of many-body
physics, dissipation has been shown to lead to phase
transitions many of which do not occur in fully
coherent systems [5,22-34]. This makes it interesting to
explore quantum simulation devices in which dissipation
can be tuned precisely to explore all aspects of the
physics [35-42]. Realizing such dissipative simulators
requires precise control of the coupling between the
quantum degrees of freedom and the dissipation channels.
When multiple dissipation channels are used, the broad-
band nature of relaxation processes also produces stringent
demands on crosstalk [43].

One archetypal example of a system in which dissipation
plays a key role is the laser, which exhibits a dissipative
phase transition from a dark phase into a bright phase
characterized by the emergence of a coherent state with a
random initial phase which diffuses over time. The para-
meters governing this transition are the photon loss rate
(from the cavity mirrors) and gain due to the interaction
with the gain medium, which saturates. While in general
lasers operate with a gain medium featuring a large number
of pumped systems [44,45], lasers have also been built at
the single qubit level, e.g., using a single natural [46] or
artificial atom [47]. Similar physics to the laser has been
observed in mechanical oscillators. Such “phonon lasers”
have been realized in a range of systems spanning from
atoms to nanomechanics [48-54] with the lasing phase
exhibiting a limit cycle of large classical oscillations. In
atomic systems these amplitudes were tens of microns in
size, corresponding to a mean value of 10* phonons.
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FIG. 1. (a) Schematic of the two dissipative channels. The red
(blue) sideband plus engineered decay is applied to calcium
(beryllium) and thus realizes cooling (heating) of the shared
motional mode. (b) Sketch of heating and cooling process
including the engineered decay in calcium and beryllium.

In this Letter, we implement competing dissipation
channels with low crosstalk using a two-species ion chain.
We use this to investigate the realization of a phonon laser
which differs from earlier implementations by operating in
the resolved-sideband regime at phonon occupations of
n < 10. This system exhibits three distinct phases, one of
which corresponds to phonon lasing. We characterize these
by extracting the number state distributions [55]. In the
lasing phase, we demonstrate phase locking and phase

© 2023 American Physical Society
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FIG. 2. Simulated phase diagram plotted as a function of
control parameters, with the average phonon number used to
characterize the steady state. The values are generated using
numerical simulations including up to 100 motional states,
solving for the steady state. y. is the internal state damping rate
in the cooling ion while 1/x, = y./g2, with the sideband
coupling strength g.. An effective beryllium decay 1/y, =
15.5 ps and 1/k, = 0.18 ms are fixed. Red and light blue dots
correspond to the data taken and shown in Fig. 3. White lines
indicate the expected phase transitions at y. = y;, and k. = k.
Values of 77 > 80 are grayed out, they correspond to heating or
high 7 lasing values.

diffusion, diagnosing these effects by measuring the char-
acteristic function of the motional phonon mode [56].

Our setup [43] takes advantage of the spectral separation
for the resonant transitions of beryllium relative to calcium
ions, which allows excellent individual addressing for
both coherent and dissipative optical pumping control
fields. Coupling of the internal states to the shared
motional modes is provided by a Jaynes-Cummings (JC)
Hamiltonian A, = g, (a%6° + a6¢.) applied to the optical
qubit in the calcium ion, and an Anti-Jaynes-Cummings
(AJC) Hamiltonian applied to a hyperfine qubit in beryl-
lium A, = hg,(a'6" + as"), where & is the annihilation
operator of the motional mode and "¢ the lowering
operator of the internal state of the heating/cooling ion.
The dissipation channels described by the Lindblad jump
operators Ly, Je = \/}T/C?f]l/ ¢ are implemented using optical
pumping via ancillary short-lived states. The combination
of coherent and dissipative driving leads to competing
motional cooling (index c¢) from the calcium ion and
motional heating (index h) from beryllium as illustrated
in Fig. 1(a). We note that while the gain in our system
comes from the use of an AJC Hamiltonian for beryllium
allied to internal state pumping from a higher to a lower
energy level, a relabeling of internal state levels produces a
JC Hamiltonian plus internal state population inversion, as
is commonly found in lasers.
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FIG. 3. Phonon distributions for different 1/x.. (a)—(c) taken at

1/y. = 2.3 ps, show an increase in the average phonon number
with an increase of 1/k.. The measured phonon distributions
(blue bars) agree well with a Poisson distribution of same 7
(gray). (d) Taken in the heating region at 1/k. = 0.28 ms
and 1/y. =19.9 ps as indicated by the black triangle. Here,
the reconstructed phonon distribution neither follows a thermal
(green) nor a coherent (gray) distribution of the same 7.
(e) Average phonon number as a function of 1/x., mean-field
theory (dashed line), simulation (solid line), and experiment (dots
with error bars) obtained from the phonon distributions. (f) Cal-
cium carrier oscillations (driving |0).|n) <> |1).|n)) taken in the
heating region corresponding to (d). The decrease in calcium
carrier frequency for increasing lasing times shows the heating
nature.

To understand the system, we compare it with a mean-
field model which makes the assumption of a separation of
timescales between fast dynamics in the internal states and
slower evolution of the oscillator. The resulting equation
for A = (a) (for which the derivation is given in the
Supplemental Material [57]) is

2Kh 2KC

d
0 =20 ir )

with the gain/loss coefficients k. = gﬁ /e /7h/c» and satu-

ration coefficients sy, = 8«y,/c/yn/c Which govern the
saturation of the atomic inversion o 1/(1 4 sy/c|A(2)[?).
This equation allows us to identify separate behaviors
which are consistent with a more complete numerical
modeling which produces the steady state phase diagram
shown in Fig. 2. For G = k;,/k. < 1, the cooling rate of
calcium overcomes any heating, and the ground state is a
steady state. For s,/s. > G (which is equivalent to
7n/7e < 1) it is the only steady state (“dark” region (D)
in Fig. 2), while for s, /s, < G (equivalent to y;,/y. > 1) an
additional set of parameters produces A =0, but this
regime is unstable to fluctuations. Where the gain exceeds
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loss (G > 1) the system is above threshold, and the ground
state is unstable. Here two distinct regimes exist. The first,
occurring for s,/s. > G is analogous to lasing (L), in
which saturation of the heating process leads to a stable
steady state for finite excitation |A|>. The second regime
occurs when the cooling ion saturates at lower excitations
than the heating ion s;,/s. < G, which leads to a runaway
heating effect (H). This latter behavior is not observed in a
standard continuous-wave laser system, where the loss is
due to leakage from the laser cavity and does not saturate,
but has been postulated for driven-dissipative systems
dominated by spin decay [33].

We examine these regimes experimentally by applying
appropriate Hamiltonians and dissipation until the system
attains the steady state, and subsequently characteri-
zing the resulting states through reconstruction of the
phonon number distribution. Coherent control is imple-
mented in calcium using a narrow-linewidth laser near
resonance with the red sideband of the motional common
mode w,, = 2z x 1.8 MHz of the quadrupole transition
|0>c = |Sl/27MJ = +1/2>c <~ |1>c = |D5/27MJ = +3/2>c
at 729 nm. The coupling coefficient in the Lamb-Dicke
approximation is given by g. =7/, with the Rabi
frequency €. proportional to the electric field gradient
of the laser light and the Lamb-Dicke parameter
n. = 0.05. For beryllium the coupling is produced by a
Raman transition near resonance with the blue motio-
nal sideband of the qubit transition |0), =[S}, F = 2,
Mp = 42)y, < |1)y, =1S1)2. F = 1, Mp = +1),. Here,
gn = Mn€2, where €, is proportional to the product of the
electric fields of the two Raman lasers and a Lamb-Dicke
parameter #;, = 0.15.

The dissipation channel Ly, . = ,/74,c6"/¢ in both ions is
provided by laser-driven optical pumping of dipole tran-
sitions; see Fig. 1(b). For calcium, this is performed using
a resonant laser field with a wavelength of 854 nm
which primarily couples |1). to |P3/,, M; = 3/2), from
where decay to |0) occurs by spontaneous emission. A low
fraction of leakage to other levels is mitigated by additional
repumping laser fields at 397 nm and 866 nm, not shown.
For beryllium, optical pumping from |1), to |0), uses
circularly polarized light which couples [1), to the
short-lived P;,, excited state. The branching ratio for
decay from the excited P state into |0), is only one third,
with additional decay back into [1), and |2), =[S} s,
F=2,Mp = +1),. We use an additional strong 313 nm
beam resonant with [2); — |Py,, F =2 My =2), to
repump this population and detune the |1), — P, laser
by 10 MHz to avoid the formation of a coherent dark state.
The four-level nature of the repumping in beryllium results
in an additional dephasing of the |0),, and |1), states which
is not captured by L in the two-level description. We find
that the effect of the four levels is captured by an additional
dissipation operator L, = VZelDn(1], at rate y. = fyy

(with f = 50/40 representing the ratio of decay strengths
from the P state to |1),, rather than to |0),). In the
equations above this has the effect of modifying x; to
Ky = G/ (Ye + yn)- All numerical simulations displayed use
the full four-level beryllium dynamics.

In experiments, we fix the parameters for the beryllium
(heating) ion, choosing to vary k., §. through control of
calcium. State reconstruction is performed using stan-
dard methods, utilizing the number-state dependence of
Rabi oscillations on the motional sidebands of the calcium
ion [16,55]. We take two slices of the phase diagram using
settings which take two distinct values of 1/y.. For each
value, we extract phonon distributions for several values of
1/x. (y axis of phase diagram). Observed phonon distribu-
tions are presented in Figs. 3(a)-3(d), with the obtained
mean phonon number shown in Fig. 3(e). We note that the
latter increases as kj,/k. transitions from being below to
above one, indicating a change from a dark to lasing steady
state. Agreement is observed with respect to numerical
simulations (solid line) using the calibrated parameters and
with respect to predictions of mean-field calculations
(dashed line)—these parameters and the calibration methods
are given in the Supplemental Material [57]. The obtained
phonon distribution in (a) exhibits a peak in P(n) at the
origin, whereas in (b) and (c) the distributions are close to
those of a Poisson distribution (shown in gray) with the same
mean phonon number, which is expected from a coherent
state generated by lasing. We also observe the increased
saturation of the heating ion (beryllium) as the system
transitions to lasing, for instance in the 1/y, =2.3 ps
dataset the measured steady state spin population increases
from (6") = —0.60 to (6") = —0.26 as k. is decreased.

As y. is decreased relative to y;,, we reach the heating
phase in which the phonon distribution does not attain a
steady state. Data from a phonon distribution taken in this
regime and sampled at a finite time are shown in Fig. 3(d)
and show that the resulting state neither follows a thermal
(green) nor a coherent (gray) distribution of the same mean
phonon number. Since the system does not reach a steady
state, we do not only reconstruct the phonon distribution
after a finite time but accompany this by probing
Rabi oscillations on the |0).|n) <> |1).|n) carrier transition
(for which the Rabi rate is dependent on the phonon
occupation [61]) as a function of the dissipation time—
data of this type are shown in Fig. 3(f). Here we observe
continued slowing of the Rabi oscillation and reduction of
coherence as a function of time, indicating that the mean
and variance of the phonon distribution increase.

We also reconstruct states in phase space through the
characteristic function C(f3) following Ref. [56]. The results
are shown in Figs. 4(a) and 4(b). Figure 4(e) shows the
marginals of the Wigner function W («) for a state with
n ~ 4.2, obtained from the characteristic function by a
discrete Fourier transform. These are accompanied by the
results of a steady state numerical solution of the Lindblad
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FIG. 4. (a)-(d) Simulation (orange line) and experimental data

(blue dots) of real and imaginary part of the characteristic
function along the 90 degree axis in the unlocked (a),(b) and
locked (c),(d) case. Symmetry breaking in the imaginary part
(b) to (d) is observed. (e),(f) Simulated Wigner function (2D) and
marginal probability (side plots, orange line) along two axes for
the (e) unlocked and (f) phase locked phonon laser including
experimental data (blue dots).

master equation. The phase symmetry can be broken by
adding an external drive of a well-defined phase to
which the oscillator locks. We introduce such a drive by
applying a resonant oscillating force to the oscillator using
a voltage applied to a trap electrode, resulting in a
Hamiltonian H, = Ag(ae'® + afe~'®). The force strength
g = 2z x 0.4 kHz is chosen to be weak enough such that it
does not overwhelm the lasing dynamics. Figures 4(c) and
4(d) show data for the characteristic function measured
with the force on. Figure 4(f) shows the corresponding
marginals of the Wigner function. The experimental data
agree well with numerical simulations performed using
experimentally observed parameters, which are plotted
alongside. Clear symmetry breaking in the imaginary
part of the characteristic function is observed from
Figs. 4(b)-4(d). From comparison with the simulated
Wigner function, we see that the state is nevertheless not
perfectly represented by a coherent state, with some phase
diffusion being visible.
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FIG. 5. Phase diffusion. (a) Marginal probabilities along

90 degree axis for different lasing lengths. Starting from a
coherent state with a well-defined phase, the lasing process
introduces phase diffusion over time (simulation in orange,
experiment in blue). (b),(c) Simulated Wigner functions (2D)
with marginal probabilities for a dissipation duration of 0.5 ms
and 1.5 ms.

To investigate phase diffusion during the dissipation, we
examine the effects on an initial coherent state which has
the same 7 = 4.2 as the steady state but a well-defined
phase. Figure 5(a) shows the marginals of the Wigner
distribution along the real axis, which show the effects of
diffusion. The results from numerical simulations (orange
line) using a four-level beryllium system and two levels for
calcium with parameters obtained using independent cal-
ibration experiments agree with the data (blue dots), and
allow us to extract a linear increase in the phase uncertainty

with time at a rate of (6%) = 0.022 rads?/s. This diffusion
is analogous to that which produces the Schawlow-Townes
limit for the laser linewidth [45,62]. We find that this agrees
with numerical simulations, but Heisenberg-Langevin cal-
culations seem to overestimate the diffusion, for reasons
which we do not understand [57].

The work performed here differs in two important
aspects from earlier work on phonon lasing with trapped
ions [48]. First, the phonon occupation is lower, stemming
from the use of the resolved-sideband regime. Hence, our
results sit at the boundary where quantum effects are
accessible, and methods are available for extracting this
information, such as characteristic function and Fock-state
reconstruction. Second, there are fundamental differences
in the physics. In earlier work, which used a transition in a
single ion driven simultaneously at two frequencies, the
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balance between heating and cooling appeared due to
nonlinearity in the ion-light interaction caused by the
modification of the line shape for large Doppler shifts,
with no saturation of the internal state. Here, by contrast,
the saturation of the “gain” ion is what introduces
nonlinearity.

The experiments above use a relatively simple pair of
dissipation channels, involving single-frequency laser tones
applied in the Hamiltonian part of the control. By using
multifrequency drives, similar experiments could explore
reservoirs for which the underlying state space is more
easily described in a squeezed or displaced Fock basis. This
extension would provide a realization of a squeezed
phonon laser, which has been predicted to offer advantages
in sensing [63—-65]. Extensions of competing reservoir
systems to multiple ions would allow for the realization
of more generalized spin-boson models such as the open
Dicke model.
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