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Table 1. Comparison of core physical characteristics between phonon lasers and optical (photon) lasers.
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Fig. 1. Phonon laser in a trapped-ion system. (a) Ions con-
fined in an ion trap are simultaneously subjected to a red-
detuned cooling light (frequency we) and a blue-detuned
gain light (frequency w, ). The ion oscillates within a po-
tential well v(z) with an amplitude zo and a vibrational
frequency (2o . The optical transition frequency is wp with
a linewidth v. (b) Fluorescence images of the ions. As the
intensity of the gain light gradually increases, a transition
of the ion motion from thermal fluctuation to coherent os-
cillation can be observed. (¢) Schematic of the ion energy
levels. The amplification of the ion vibration originates from
the net phonon gain, which is generated via stimulated
emission (at a rate of Ry ) and stimulated absorption (at a
rate of R_ ) of center-of-mass phonons. The figure is taken
from Ref.[6].
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Fig. 2. Phonon laser in cavity optomechanical systems:
(a) Schematic illustration of the principles for generating a
phonon laser in a two-level cavity optomechanical system;
(b) experimental setup for generating a phonon laser using
coupled ring cavities; (¢) mechanical mode power spectral
intensity as a function of pump light intensity, where a
clear threshold marking the enhancement of the power spec-
tral intensity can be observed. The insets show the meas-
ured mechanical lineshape functions at the pumping points
below the threshold (i) and above the threshold (ii), demon-

strating line narrowing. The figure is taken from Ref.[9].
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Fig. 3. Phonon laser in a levitated optomechanical system. (a) Schematic diagram of a phonon laser in a levitated optomechanical

system. Inset: Motion of the center-of-mass of the levitated nanosphere observed in the plane perpendicular to the beam propaga-

tion; the left panel shows Brownian motion below the threshold, and the right panel shows coherent oscillation along the x-axis

above the threshold. (b) Phase-space distributions of the oscillator motion obtained from experimental measurements (top) and nu-

merical simulations (bottom). A phase transition process from (i) Brownian motion to (ii) coherent oscillation can be clearly ob-

served from the experimental measurements. The figure is taken from Ref.[13].
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Table 2.  Comparison of typical physical parameters and application characteristics of phonon lasers across different physical

platforms.
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Fig. 4. Injectionlocking ofasingle-ion phononlaser. (a),(b) The
cases outside the locking range, where the intrinsic oscilla-
tion of the ion coexists with the injection signal. The spec-
tral linewidth of the ion originates from damping and spon-
taneous emission, while the width of the injection signal is
limited by the instrument resolution. In panel (b), the injec-
tion signal is closer to the intrinsic frequency of the ion, in-
ducing a frequency-pulling effect accompanied by energy
transfer. (¢) The case inside the locking range, where the
ion oscillation is completely locked, leaving only the ampli-
fied injection signal. The figure is taken from Ref.[37].
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Fig. 5. Measurement results of the DC electric field force: (a) The measured electric field force F as a function of the additionally

applied DC voltage V4 in the absence of injection locking; (b) linear response of the ion oscillation phase ¢ to the DC voltage Va

under the injection-locked condition (with a measurement interval of 1.6 mV). Inset: Schematic diagram of the injection-locking

phase relationship, where the shaded region marks the linear variation interval. The black dots represent experimental data, the

dashed and solid lines denote the fitting curves, and the error bars represent the statistical standard deviation obtained from 10 re-

peated measurements. The figure is taken from Ref.[38].
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Fig. 6. Experimental results of phonon laser mass sensing. (a), (b) Experimentally measured mechanical power spoiling density as a
function of the frequency shift induced by mass deposition under incoherent (large laser-cavity detuning) and coherent (phonon
laser regime) conditions, respectively. Through the phonon laser mechanism, the mechanical vibration linewidth can be narrowed
from 4.2 MHz to below 10 kHz. (c¢) The mechanical frequency shift Awy as a function of the deposited mass (responsivity). The
black squares and red circles correspond to the measurement results under the mechanisms of (a) and (b), respectively, which are in

excellent agreement (with a fitting slope of approximately —154 MHz - fg~! ). Based on the narrowed 3-dB resolvable linewidth,

the minimum detectable mass is predicted to reach Amyes ~ 65 zg . The figure is taken from Ref.[39].
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Fig. 7. Non-reciprocal phonon laser. (a) For a clockwise-rotating optical microcavity, inputting a driving signal from the left port
(where the Sagnac frequency is positive) increases the mechanical gain. Inset: An equivalent two-level system model of the phonon
laser, where the transition between the supermodes is mediated by phonon conduction. (b) Inputting the driving signal from the
right port (where the Sagnac frequency remains positive) suppresses or even completely blocks the generation of the phonon laser.
(c) Steady-state photon number as a function of optical detuning. The dependence of the steady-state photon number on the rota-
tional angular velocity is clearly visible. (d) Mechanical displacement amplification factor as a function of optical detuning. The fig-
ure is taken from Ref.[47].
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Fig. 8. Phonon laser frequency comb. (a) Schematic diagram of the evolution of an acoustic frequency comb in a phonon laser based
on Floquet engineering. (b) Experimental setup. C;: Collimator; WDM; : Wavelength division multiplexer; M; : Mirror. The injec-
tion signal and the Floquet signal originate from a dual-channel function generator to ensure the consistency of the frequency stand-
ard. Subsequently, the Floquet signal is fed into a modulator to generate the Floquet pump. (¢) Experimentally measured and nu-

merically simulated phonon power spectra before and after applying the Floquet pump. The figure is taken from Ref.[35].
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RO PG

ABEERER AT (Q
A3k 109 LA b)) B Sr AR R E A5 FE (29 1078 mbar
(1 mbar = 100 Pa) LA ) Ay SEAT F. — H 5 8K
WEZS R RS, W RAURRE I 2Um) B I2
MR S A5, Ak, DB R AR b 7
S INSEEET RS 506 R i (photon
recoil heating) 1143 it 2 1R WAL AR A AR JEC I

BRI ERA R FAERE T, A
TE S W P -0 I 388 5 A v Y S DG 2
BRSSPI RGT T, ROk Ry ™
PFEHL (thermal dissipation) 5 RHAGRZLR, A
I FEOER IR ™ EAIERS, LR RS &
THANES A B DR, X Rt i 8 FROGI A
PSR E MR I TR K.

g5 Bk, aferi s S MR R RHA R
sRT B B, 7R AL AR AR AL
B, AR AR S B i DRI I 0 g L 5 AR
SR FE IOORS %5 I B R T8 1) S5 A iR A S 1Y
K.

5 R&EL5RZ

P HOCHE A LR 57 19 5 250 BE 5,
AR L S PR SN TR ML A P 2 R A 5
fifl. 2 B AR R R, A TR0 E R B
R 20 R B O ek i IN A 2 1L JRE T2 DL RO B
BTE RS2 6 D REIE R BT A R, HA L
Wy BRAR JFE4 T U 94 S i 0 oS LA S = T Y
FRLMEAR THREA. 7ESNE IR S SAE BT SR T,
ZR G0 1 fEL B AT by Bk v S 1 Bl BILR 3
R RRRE A TR GRS, R IE L7 S5
AT 5 A S “SGHOE FHAIE. JUHIEAERRNIN
T e i i BT IR BOR PREUR IS T
PO E IS AR Y 55 S S BT TS T
HERN, ARG D R B B e H 5
RS

ARSCHIGE THOCH A BIE | 528 S0 K H
TR TR I TP AN AT T R Gesak. e
JRIHRF, 2 MARZNES) oA TP A R B ik
5T R GHEA N B 07 IR L RlE R T
P0G 45 5 FERIE 4 S ARZ R A i S 2L
AR ASTE L. I B AR B iid 7 T R B

N ZGE NS RE A 2 i A BRI IR v A OB AL 5 A
R, WP AR 9K SRE B AR Z [ 3
FePflr, JFPEREAN nT R G ) TR RN RS
{0 S TN B S o N N P s e
TR D N B O IR AL T EARE 5
IR ZRMKFE s e T2 s S 4 A TR TR
ST F AL S R A SRR R AR A
55 F3 IR IR TR) A I rp R B AR 05 B
ERCHARR K, P THOCH) TARRAR AT
[A] 2 R GRS E MR 2 T R 5T, Jo Ve Ll
IERZl) 1 22T T 20 e A
FURIT, 26T P T H06HI LIRS A2 LA A
2y N AR e DU e L MO F B R AT
ZELRIE AT A AR R SRR, R TR0
AL 2R ST CEPRTE RZ K E R € i v I R RS TR
sSARAE ARk, DA IS B g SRR . R R A
EABUE | FEHLIHR M R4S SRR, /5%
FEPUME R RE S AR M Dy Tt — 24T, s
B e R TSR TR OR A

UG R T HOLEOR USR5 5y, (HESCH)
S50 Ji 7 1) ol P A B i R R R, R
HKANTAEZ AL TT 10T RERAWITE. B SR
MCERLAR fia) [ ) 258 05091 38 1o 22 1kl ol e %
PSS ZHE L U R R, MR T
HOCHES, AMUREM i i 2 A SRR E— A B
IEEILR RS | O ] R AR AR S R 42 20
BT RS R, JT A REAEH il | W R IREE T A2
TE TAERYA T30, HR RGN TH AR S BA T
BWOLRGER R AR, JE S BUAEHE S mok S0t
SR RS, SRR RS IZ BRI
PERR. BEAh, PO R RN R TR BE A SR 2
AR H AR S 5 AARLAE AR Sl A T
B s, il f 1RSSR iR T,
K B I7AG S i — 2 S b i TR, i VAR
TP BR R AR Dt B2 A2 R I3 0 1, AT 5
TOERTARLANE Bl 727 i v BE ettt IR AR SR
MR SN RS R SR IGEE T, AT AR S| IR
I, MR PRI R A U A AR . 25 LTI,
P IOCHE A e T L 2 B AT 2,
EA e D U L P A WK AR, AR AR
KA TR T A% D A
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Abstract

Precision measurement serves as a cornerstone for exploring the laws of nature and driving technological
transformation, with quantum precision measurement offering a revolutionary pathway to surmount classical
physical limits. Phonon lasers, as acoustic analogs of optical lasers, generate highly coherent mechanical
oscillations through stimulated gain processes, emerging as a crucial research frontier in quantum sensors. This
comprehensive review systematically outlines the fundamental principles, diverse physical implementation
platforms, and state-of-the-art applications of phonon lasers in quantum precision measurement, aiming to
provide a vital reference for interdisciplinary research in micro-nano optomechanics and quantum information.

Methodologically, this review constructs a unified theoretical framework to describe the dynamics of
phonon lasers across different scales. From a classical perspective, the generation of phonon lasers is explained
via a dynamic “negative damping” mechanism that drives the mechanical mode through a Hopf bifurcation
threshold into a stable limit-cycle oscillation. In the quantum regime, we utilize the Lindblad master equation
to elucidate the transition of phonon states from thermal fluctuations to coherent radiation via controlled
stimulated energy exchange. With this framework established, we comparatively analyze three mainstream
physical platforms: trapped-ion systems that leverage internal electronic state transitions for ultrahigh
coherence, cavity optomechanical systems driven by radiation pressure for macroscopic chip-scale integration,
and optically levitated nanospheres that utilize active non-linear electro-optic feedback for long-term stable
sensing.

The core results of this review highlight the exceptional nonlinear amplification capabilities of phonon
lasers across multiple sensing paradigms. In electric field and weak force detection, injection-locking mechanisms
enable the mapping of ultraweak oscillatory drives into macroscopic coherent phase responses, achieving
yoctonewton-level (yN) to zeptonewton-level (zN) force sensitivities. For mass sensing, the active gain
compensation of phonon lasers substantially compresses the mechanical linewidth from the MHz to the kHz
regime, overcoming fluidic dissipation to achieve zeptogram-level (zg) mass resolution under ambient conditions.
Furthermore, non-reciprocal phonon lasers leveraging the Sagnac effect in rotating microcavities, alongside on-

chip Brillouin acoustic gyroscopes, demonstrate profound potential for sub-shot-noise angular momentum
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sensing. Notably, the recent integration of Floquet engineering has facilitated the generation of fully coherent
phonon laser frequency combs comprising thousands of phase-locked teeth, bridging a critical gap in broadband
underwater and biomedical acoustic sensing.

In conclusion, while phonon lasers present transformative advantages for quantum sensing, their practical
deployment faces challenges such as long-term phase diffusion and cross-platform integration bottlenecks,
including anomalous heating in surface-electrode ion traps and thermal dissipation in nanomechanical cavities.
Future research must focus on developing large-scale phonon laser arrays, achieving robust room-temperature
operation, and exploiting nonclassical squeezed or entangled phonon states to ultimately push measurement

sensitivities toward the Heisenberg limit.
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