
PHYSICAL REVIEW APPLIED 19, 064062 (2023)

Time and Frequency Resolution of Alternating Electric Signals via Single-Atom
Sensor

Y.-Q. Wei ,1,2,‡ Q. Yuan ,1,3,‡ L. Chen ,1,4,* T.-H. Cui ,1,3 J. Li ,1,3 S.-Q. Dai ,1,3 F. Zhou,1,4 and
M. Feng 1,4,5,†

1
State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of Physics and

Mathematics, Innovation Academy of Precision Measurement Science and Technology, Chinese Academy of
Sciences, Wuhan 430071, China

2
Laboratory of Quantum Science and Engineering, South China University of Technology, Guangzhou 510641,

China
3
University of the Chinese Academy of Sciences, Beijing 100049, China

4
Research Center for Quantum Precision Measurement, Guangzhou Institute of Industry Technology, Guangzhou,

511458, China
5
Department of Physics, Zhejiang Normal University, Jinhua 321004, China

 (Received 1 July 2022; revised 27 April 2023; accepted 26 May 2023; published 21 June 2023)

The characterization of externally applied signals is essential in order to improve performance and
design appropriate engineering strategies in cold-atom experiments. Here, we present a practical technique
to detect the artificially introduced electric signals by an exquisite sensor made of a single 40Ca+ ion
behaving as the phonon laser. The sensor can work as an oscilloscope, detecting spectra of the signals in
the time domain, and also as a frequency spectrograph for the signal probe with respect to the frequency.
The high precision of such an atomic sensor relies on the unique characteristics of the phonon laser.
In particular, the sensor is practical since it works without the prerequisite of sideband cooling and the
performance of the sensor can be further improved depending on better trapping conditions and a higher
collection efficiency of the spontaneous emission fluorescence.
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I. INTRODUCTION

Optical and electric pulses are ubiquitous in all physi-
cal operations. In particular, with the rapid development
of quantum techniques, the characterization of externally
applied signals has become a key challenge in quantum
information processing [1–6], which is experimentally rel-
evant to the design of appropriate engineering strategies
and improving the performance of the alternating pulses.

In this work, we demonstrate a practical technique,
using a single cold trapped ion as the atomic sensor,
to detect the artificially introduced electric signals. The
laser-cooled ions confined in the electromagnetic potential
are a promising candidate for precisely measuring elec-
tric field variations, since they are charged themselves
and extremely sensitive to the electric field fluctuations
[7–9]. In this sense, what we detect is not just relevant
to the input pulses for operations but also associated with
the unexpected electric field fluctuations in the systems.
In ion traps, the electric field fluctuations are typical types
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of noise, leading to instability of the trapped ions, i.e.,
the main detrimental factor for confining and manipulating
the ions [10]. As a result, our technique might be useful
for understanding and thus suppressing the electric field
fluctuations.

Our experiment is carried out in a surface-electrode trap
(SET) that confines a single trapped ion. The key point of
the sensor is that the trapped ion behaves as an injection-
locked phonon laser, i.e., an amplitude-amplified harmonic
oscillator, which is quite sensitive to the external distur-
bance, as reported previously [11–16]. In our experiment,
the ion is first Doppler cooled and then excited to be the
state of the phonon laser, which is locked onto the oscilla-
tion frequency by an injection-locking signal. We present
two sets of experiments to probe the spectra of the signal
in the time and frequency domains, which function like an
oscilloscope and a frequency spectrograph, respectively.
Our probing technique and results have the following dis-
tinct features. The technique enables a credible probing of
the electric field variations with high precision, based on
the sensitive features of the phonon laser to the ac elec-
tric field fluctuation in the SET, which has achieved an ac
electric force detection sensitivity in the yoctonewton (1
yN = 10−24 N) range [17]. Moreover, our detection works
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without the prerequisite of sideband cooling, reducing the
experimental challenge considerably. Furthermore, in prin-
ciple, our technique favors detection of the external signals
with all frequencies and with tiny amplitude variations.
This implies that our presented probe might be applicable
to the detection of real environmental noise in the trapped-
ion system in the future. In all, this technique is not mainly
limited by the temperature of the ion but the stability of
the characteristic parameters of the trapping system, as
elucidated later.

II. EXPERIMENTAL SYSTEM AND SCHEME

Our experiment is carried out using a single trapped
40Ca+ ion in the SET, which is a 500-µm-scale planar
trap as introduced previously [18–20]. Figure 1 presents
a schematic diagram of the setup and the method in our
experiment. The measured secular frequencies of the SET
are, respectively, ωz/2π = 183.41 ± 0.01 kHz, ωx/2π =
532.10 ± 0.10 kHz, and ωy/2π = 838.50 ± 0.10 kHz. The
single 40Ca+ ion, which stays 800 µm above the surface of
the SET, behaves as a phonon laser in the potential. The
phonon laser is produced by the oscillation amplification
of the ion stimulated by two 397-nm laser beams, one of
which is red detuned with detuning �r/2π = −80 MHz
and the other of which is blue detuned with �b/2π = 40
MHz. Both of the laser beams are elaborately tuned to have
the appropriate intensity ratio r = Ib/Ir = 0.5 in order to
keep the oscillation amplification stable [11], which yields
a phonon laser with an oscillation amplitude of 22.14 µm.
Furthermore, the phonon laser applies solely to the z-axis
motional degree of freedom of the ion due to the large
frequency differences in different directions.

Throughout the work, we may lock the z-axis oscillation
frequency of the phonon laser by applying an appropriate
injection-locking signal to the AE electrode, which has no
influence on other two directions. We input the artificially
generated signals and the injection-locking signal into the
system from the AE electrode. Since both of them are ac
signals, we need to couple them to the electrodes through
the capacitors, i.e., C3 and C4. Additionally, we have C1,
C2 and L1 forming a π -type filter, i.e., a low-pass filter
to filter the radio-frequency (rf) signal, where C2 works
for damping both the injection locking and the addition-
ally applied signals. Since the damping rate is 16 dB, the
injection-locking signal or the additionally applied signal
felt by the sensor is just 1/40 of the output from the AWG.

Experimentally, the AWG employed is the Keysight
33622A wave-form generator, which generates a signal
with frequency ωn and strength dn. The signal to be
detected is attached to a carrier signal as the amplitude
modulation, in the form of Vn(t) = dnδ(ωn) × Ac sin ωct,
where Ac and ωc are the amplitude and frequency of the
carrier signal, respectively. Four sets of signals are gener-
ated in our experiment, including the square-wave signal,

the sinusoidal-wave signal, the Gaussian-wave signal, and
the white-noise signal, as plotted in Fig. 1(a). These signals
represent two kinds of external disturbance, i.e., a peri-
odic signal with frequency ωn and white noise with the
bandwidth ωn.

For a trapped ion with mass m and oscillation frequency
ωz under the frictional damping γ [11], the dynamics are
governed by

z̈(t) + γ ż(t) + ω2
z z(t) = [F(t) + N (t) + S(t)]/m, (1)

where F(t) is the injection-locking force that originates
from the injection-locking signal Vi(t) = Ai sin ωit applied
on the ion, in which Ai and ωi are the amplitude and fre-
quency of the injection-locking signal, respectively. The
trap frequency ωz is also the frequency of the phonon
laser. Once the injection locking is working, the trapped
ion is locked onto the signal, with ωi approaching ωz, i.e.,
ωi ≈ ωz, reaching a very narrow bandwidth [22]. N (t) rep-
resents the random force due to the thermal noise, which
is the origin of the background noise in the system [17].
S(t) is the alternating signal originating from Vn(t) that is
introduced artificially for our test.

The straightforward solution of Eq. (1) reads z(t) =
z0 sin(ωit + ϕ), where z0 and ϕ represent the oscillation
amplitude and phase of the phonon laser, respectively.
Both z0 and ϕ vary sensitively with the fluctuation of the
electric field [17], where ϕ, which is directly subject to the
injection-locking frequency ωi, is more sensitive than z0.
We acquire z0 and ϕ by the optical method of fitting the flu-
orescence curve directly obtained from the photomultiplier
tube (PMT) [17] (see a brief introduction in Appendix A).

Before detecting the alternating signals, we have to clar-
ify the imprecision of the sensor itself. To this end, we
define the responding range � of the sensor and exper-
imentally we measure � = 0.1 Hz, which is relevant to
our measurement time of 10 s (see Appendix B). As pre-
sented in Fig. 1(b), if the frequency ωn of the signal to
be measured is less than 0.1 Hz, we attach the signal to
the carrier signal as Vn(t) = dnδ(ωn) × Ac sin ωct, as men-
tioned above. In our case, we simply set the carrier signal
to have the same frequency and amplitude as the injection-
locking signal, i.e., Ac = Ai and ωc = ωi. In contrast, if
ωn is larger than 0.1 Hz, we still attach the signal to the
carrier signal as the amplitude modulation. But in this
case we shift the frequency of the carrier signal by �n,
i.e., Ac = Ai and ωc = ωi + �n. The sensor can probe the
signal if |ωn − �n| < � is satisfied [23].

III. EXPERIMENTAL MEASUREMENTS

Since we consider the additionally applied signals to be
disturbance to the system, in this section we first define the
deviations of our measurements due to the disturbance and
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FIG. 1. A schematic for the detection of additionally applied electric signals by the single-ion phonon-laser sensor. (a) The parabola
represents a harmonic potential provided by the surface-electrode trap (SET), where the confined Doppler-cooled ion is stimulated
to be a phonon laser by a blue-detuned laser (blue arrow) and a red-detuned laser (red arrow). The side view of the SET is plotted,
with EE, rf, and AE indicating, respectively, the endcap electrode, the rf electrode, and the axial electrode. Four types of artificially
generated electric signals with a wave form of δ(ωn) are input, respectively, into the system from the AE, the electrode to which the
injection-locking signal Vi(t) applies. Either the additionally applied or the injection-locking signal is generated by an arbitrary wave-
form generator (AWG). The additionally applied signal is represented by Vn(t) and is generated by attaching dnδ(ωn) to the carrier
signal Ac sin ωct as the amplitude modulation. In practice, we set Ac = Ai and ωc is set depending on ωn with respect to the responding
range � of the sensor. The inset on the right-hand side of the parabola is the level scheme of 40Ca+ for our purposes, where the 397-nm
laser drives the transition between the ground state 4S1/2 and the excited state 4P1/2, playing the main role of cooling, and the 866-nm
laser couples the 4P1/2 state to the metastable state 3D3/2 for repumping of the 6% leakage of spontaneous emission back to 4P1/2.
The detunings �r and �b are defined as the frequency differences of the lasers from the two-level resonance. Since the decay from
P1/2 to S1/2 is much larger than that from P1/2 to D3/2, the three-level system could be reasonably considered as an effective two-level
system [21]. (b) A schematic for two methods of sensing the additionally applied signals in our experiment, where a signal with a
sinusoidal wave form is exemplified. The region marked in blue represents the responding range of the single-ion phonon-laser sensor
and the dotted line marks the location of the injection-locking frequency. Method 1 works for the case of ωn < �, for which the carrier
frequency takes the same value as the injection-locking frequency. For Method 2, since ωn > �, we have to shift the frequency of the
carrier signal by �n.

then present our measurement results for the different types
of signals.

A. Definitions of the deviations and error bars

We assume the alternating signals applied to the elec-
trodes to be the dominant factor causing deviation of the

detected results. As such, we define the mean deviation
Y = ∑N

i=1|dX (i)|/N , where dX (i) = X (i) − X̄ represents
the ith measured deviation of the oscillation amplitude z0
or oscillation phase ϕ for N measurements. The statistical

standard deviation of Y is dY =
√∑N

i=1(|dX (i)| − Y)2/N .
Based on the above definitions, the relative signal intensity
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FIG. 2. The RSI detected by the phonon-laser sensor, where the injection-locking signal is input with frequency ωi = 183.41 kHz
and amplitude Ai = 7.5 mV, the carrier signal is input with the same amplitude and frequency as the injection-locking signal, and the
strength of the applied signal is dn = 0.5. The different types of signals are listed in different rows with (a) the square-wave signal, (b)
the sinusoidal-wave signal, (c) the Gaussian-wave signal, and (d) the bandwidth white-noise signal. The red and blue curves represent,
respectively, the detection by the oscillation amplitude z0 and phase ϕ of the phonon laser. Panels (i) demonstrate the RSI with respect
to the modulation frequency ωn, where the inset of each panel indicates the wave form of the signal employed in the corresponding
experiment. The vertical dashed lines in (a)–(c) mark the frequency of 0.1 Hz. In each row, panels (ii)–(v) show the measured deviations
of the oscillation amplitude dz0 = z0 − z̄0 and phase dϕ = ϕ − ϕ̄ with respect to (ii) the background noise and (iii)–(v) the artificially
introduced signals, with (iii) ωn = 5 mHz, (iv) 50 mHz, and (v) 1 Hz. The error bars of the experimental data are the statistical standard
deviation obtained from 40 measurements, each with a measurement time of 10 s.

(RSI) is given by

I = 10 log10
Yn

Y0
, (2)

where Yn (Y0) represents the mean deviation of the detected
values in the presence (absence) of the additionally applied
signals. As such, the error of the RSI can be calculated as
follows:

dI = ∂I
∂Yn

dYn + ∂I
∂Y0

dY0

= 10
( dYn

Yn ln 10
− dY0

Y0 ln 10

)

= 10
ln 10

(dYn

Yn
− dY0

Y0

)
. (3)

B. Detection of electric field variations

Figure 2 demonstrates our detection of four types of
artificially generated signals, including the square-wave
signal, the sinusoidal-wave signal, the Gaussian-wave sig-
nal, and the white-noise signal. Experimentally, these sig-
nals are generated by the AWG and then applied by a
capacitor on the AE electrode, the electrode to which the
injection-locking signal applies. For a quantitative esti-

mate, however, we first detect the background noise in
the trap as a reference, corresponding to dn = 0, prior to
probing the additionally applied signals. Then we com-
pare the measured amplitude or phase fluctuations of the
phonon laser in the presence and absence of the artificially
generated signals by employing the RSI. Experimentally,
after the artificially generated signals are applied, we find
that the phonon laser can detect the signals very sen-
sitively when the signal frequency is less than 0.1 Hz,
where the fluctuations of the phase and amplitude show the
wave forms of the signals perfectly, particularly with more
detailed characteristics for smaller values of ωn. This is due
to fact that in this case, the phonon laser only feels the sig-
nals with frequency less than �, as referred to above, and
thus reconstructs the details of the signals. As such, this
method of signal sensing provides the possibility of inves-
tigating the low-frequency signals, scrutinizing the shape
of the signal in the time domain and hence functioning like
an oscilloscope. Moreover, in contrast to other signals with
RSI = 0 at ωn = 0.1 Hz, we observe RSI = 6 dB for the
white-noise signal at that point. This is due to the fact that
ωn is the bandwidth of the white-noise signal and within
the bandwidth, the white-noise signal involves all of the
frequency components.

We further consider the situation with ωn > 0.1 Hz.
In this case, we consider the signal with the sinusoidal
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FIG. 3. The RSI of a sinusoidal-wave signal detected by the phonon-laser sensor, showing the fluctuations of (a) the oscillation
amplitude and (b) the phase. The injection-locking signal is input with frequency ωi = 183.41 kHz and amplitude Ai = 7.5 mV.
Compared with the injection-locking signal, the carrier signal is of the same amplitude but with the frequency shifted by �n. The
strength of the additionally applied signal is dn = 0.5. The center frequencies of the additionally applied signal ωn are labeled on the
peaks of the curves detected (except for ωn = 0.1 Hz, which is labeled at the bottom for clarity) with a range of ωn ± 0.1 Hz. The data
points are experimental measurements, which are linked by solid lines to guide the eye. The error bars of the experimental data are the
statistical standard deviation obtained from ten measurements, each with a measurement time of 10 s.

wave form as an example. Thus the modulated carrier
signal can be decomposed into two frequency com-
ponents, namely, Vn(t) = dn sin ωnt × Ai sin(ωi + �n)t =
dnAi[sin(ωi + �n − ωn)t + sin(ωi + �n + ωn)t]. After the
signal to be detected is input into the system, we scan the
carrier signal by varying �n and observe the variation of
the oscillation amplitude and phase of the phonon laser.
Experimentally, we vary the value of ωn and then sweep
�n over the full frequency domain. Once the modulated
signal enters the responding range (i.e., |ωn − �n| < 0.1
Hz), the phonon laser senses the signal, as presented in
Fig. 3. Therefore, this method of signal detection functions
like a frequency spectrograph and reproduces the shapes of
the signals in the frequency domain.

C. Detection of white-noise signals

The white-noise signals produced artificially are close to
the real noise in nature. To demonstrate that our detection
is practical, in this subsection we focus on the detection of
the white-noise signals.

To probe the various types of noise to the best effect,
we have to optimize the working conditions of the

phonon-laser sensor. To this end, we first test the best
response of the sensor to the background noise in the trap
by adjusting the characteristic parameters of the injection-
locking signal. In Figs. 4(a) and 4(b), we observe that,
with the increase of Ai, the mean deviation of z0 first
decreases and then increases but the mean deviation of
ϕ just becomes smaller. By jointly evaluating the sensor
performance from the error bars in both panels, we iden-
tify, with more trust on δϕ, Ai = 7.5 mV to be optimal for
our phonon-laser sensor. Based on this optimal value of
Ai observed in Figs. 4(a) and 4(b), we further check the
performance of the sensor by tuning the frequency ωi of
the injection locking. In Figs. 4(c) and 4(d), we find that
the measured locking range is 400 Hz, which implies that
our phonon laser could work when ωi detuned from ωz is
smaller than ±200 Hz. Moreover, we find that the opti-
mal work point is at ωz=ωi, at which the error bars of the
measurements are minimal.

With the optimal values of the characteristic parameters
of the sensor as acquired in Figs. 4(a)–4(d), we take the
white-noise signal with bandwidth of 50 mHz as an exam-
ple to investigate the signal detection with the increase of
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FIG. 4. (a)–(d) The detection of the white-noise signal with a
bandwidth of 50 mHz by the phonon-laser sensor, with the objec-
tive of finding the optimal values of the characteristic parameters
of the sensor. (a),(b) The mean deviations of the experimental
data with respect to (a) the oscillation amplitude and (b) the oscil-
lation phase of the phonon laser with respect to the amplitude
of the injection-locking signal Ai. (c),(d) The same quantities as
in (a) and (b) with respect to the frequency ωi of the injection
locking. (e),(f) The RSI relevant to the white-noise signal with
respect to the signal strength dn, detected from (e) the amplitude
and (f) the phase of the phonon laser. The detections in (a) and
(b), and then those in (c) and (d), lead to the optimal frequency
ωi = 183.41 kHz and the optimal amplitude of the injection-
locking signal, Ai = 7.5 mV, respectively. The detections in (e)
and (f) are carried out using the optimal parameters found in
(a)–(d). The error bars indicate the statistical standard deviation
of the experimental data obtained from ten measurements, each
with a measurement time of 10 s.

the signal amplitude in Figs. 4(e) and 4(f). Different from
the other artificial signals with periodicity, the white-noise
signal involves all of the frequency components. From the
measurements of both the amplitude and phase, we see
the rise of the RSI involving slight fluctuations. Moreover,
from the observed values, we find that the lower bound
of the detectable noise signal is dn = 0.083. The observa-
tions in both Fig. 4(e) and Fig. 4(f) are similar and linear,
indicating the feasibility and credibility of using the ion
phonon laser as a single-atom sensor to detect the elec-
tric field fluctuations. Further scrutiny of the fluctuations
might be useful in order to understand the electric field
fluctuations in more detail.

Based on the results acquired from Fig. 4, we further
check the characteristics of the white-noise signal when
our sensor is under the best detection conditions. In con-
trast to the frequency spectrograph for the periodically
varying signals in Fig. 3, here we examine the detecting
ability of the sensor for an aperiodic noise signal. Using

(a)

(b)

FIG. 5. The RSI of the white-noise signal detected by the
phonon-laser sensor with respect to the (a) oscillation amplitude
and (b) the phase with respect to �n. The injection locking is with
frequency ωi = 183.41 kHz and amplitude Ai = 7.5 mV and the
white-noise signal is with dn = 0.5 and bandwidth = 1 Hz. The
gray lines are the fitting of the experimental data to guide the eye.
The error bars indicate the statistical standard deviation of the
experimental data obtained from ten measurements, each with a
measurement time of 10 s.

the measured values of the mean deviations with respect
to z0 and ϕ, we demonstrate in Fig. 5 the detection of the
white-noise signal with a bandwidth of 1 Hz by sweeping
�n, the envelope of which is spread by ±1 Hz with respect
to �n = 0. The experimental values, i.e., the dots, reflect
the fluctuations of different frequency components within
the bandwidth. Since the white-noise signal is very close to
the real noise, these observations confirm the practicability
of our sensor, which would work for the detection of very
complicated signals.

IV. DISCUSSION

Above, we are sensing artificially generated signals,
which are attached to the carrier signals in our measure-
ments and are different from any independent signal that
exists in nature. Even the white-noise signals, although
very close to real noise, are actually different from real
environmental noise. To probe an independent signal, the
frequency of the signal is required to be close to that of
the injection signal, satisfying |ωn − ωi| < �. In practice,
if the signals to be detected could be efficiently collected
and applied on the carrier signals, our sensor would defi-
nitely probe them by shifting the frequency of the carrier
signal, following the same steps as in Fig. 3.

Moreover, we also detect the background noise in the
trap, which is real environmental noise with components
of frequencies close to ωi. Following this idea, if we hope
to detect real environmental noise, we may tune both ωz
and ωi over a wide range of frequencies. However, what
we quantify for the background noise is the RSI, i.e., the
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deviation of the oscillation amplitude or phase, which can
be employed as a prior calibration for detecting the injected
signals but is not the conventional approach for noise
detection. To follow the conventional route, e.g., using the
power spectral density to characterize the various types of
noise, we might have to measure the minimum force due to
the electric field variation, as in Ref. [17]. In our case here,
the sensitivity of detecting such a force by the phonon-laser
technique is about 64 yN/

√
Hz, implying the achieve-

ment of a noise spectral density of 1.6 × 10−7 V2/m2 Hz
[24]. We note recent efforts to explore the detection of
the noise spectra of electric fields using harmonic oscil-
lators [25–27]. The basic ideas in these works are enacted
on harmonic oscillators with the preparation of cold initial
states and variation of the resonance frequencies, which are
directly relevant to laser-cooled ions confined in electro-
magnetic fields. Therefore, the accuracy of these methods
is mainly limited by the temperature of the ions, e.g., side-
band cooling of the trapped ions is the prerequisite of the
techniques demonstrated [26,27].

In this context, since our sensing technique works with-
out the prerequisite of sideband cooling, we may consider
our technique to be more practical for some tasks, e.g., as
an everyday check of the background noise in the trapped-
ion system. We may take the optimal value of the noise
sensing as Y0 in Eq. (A2) and thus the RSI reflects the
working conditions of the trapped-ion system on a cer-
tain day with the noise-sensing value of Yn. To this end,
we need to constantly improve this technique. Hopefully,
our detection method will be able to be implemented more
quickly after the technique is further optimized, e.g., with a
higher fluorescence collection efficiency and better stabil-
ity conditions. Enhancement of the fluorescence collection
efficiency is experimentally feasible if the trapping system
is more compact, with a larger solid angle for the collec-
tion of spontaneously scattering photons [28]. The stability
conditions could be improved by suppressing the secular
frequency drift resulting from the electrode voltage drift
[29] and cleaning the electrode surfaces [30]. With this
optimization, we anticipate that the detection time for each
data point would be less than 0.1 s and, meanwhile, higher-
quality detection for the electric field fluctuation would be
possible. Thus the sensitivity of the ac electric force would
hopefully reach 10 yN/

√
Hz or even less, implying the

achievement of a noise spectral density of, or lower than,
the order of magnitude of 10−9 V2/m2 Hz.

V. CONCLUSIONS

In summary, we demonstrate a practical technique
for the detection of alternating electric signals using a
single-atom sensor. Since it works with no need of
sideband cooling and is based on very sensitive optical
detection, the technique is very practical and is read-
ily implementable in trapped-ion systems to present the

fluctuations of input electric signals in the time and space
domains. Also, it may be possible to utilize the technique
for the detection of real environmental noise, e.g., as a
routine means for diagnosing background noise in ion-
trap systems. Moreover, this technique can be extended to
other ions, particularly favoring lighter ions due to their
greater sensitivity to ac field forces [17], and even applied
to other systems involving the phonon laser, such as the
optical-tweezer system [31].
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APPENDIX A: ACQUISITION OF z0 AND ϕ

We briefly introduce our approach to rapidly acquiring
the value of z0 by fitting the recorded photons scattered
from the ion [17]. We assume that the phase ϕ and the
amplitude z0 of the oscillator are constants during our mea-
surement. Under irradiation by the 397-nm laser beams,
the scattering rate ρj at time t is given by [10]

ρj (t) = �sj /(4π)

1 + sj + 4
[

�j −kj ωiz0 cos(ωit+ϕ)

�

]2 , (A1)

where � is the decay rate of P1/2, kj is the wave vector,
�j denotes the detuning, and sj represents the saturation
parameter. Due to the two 397-nm laser beams with differ-
ent detunings in our experiment, the total scattering rate is
ρ(t) = ρ1(t) + ρ2(t). Since the experimental data include
the influence of different types of noise in the experimental
system, we employ the Gaussian term G(t) to fit the curve
of P(t) with a convolution function,

P(t) = αρ(t)∗G(t) + β, (A2)

where G(t) = (1/
√

2πσt) exp[−t2/(2σ 2
t )], in which σt is

the degree of time dispersion. α and β represent the factors
with respect to the measurement time, the fluorescence col-
lection efficiency η, the background photons, and the num-
ber of unit time intervals n, as well as the signal-to-noise
ratio relevant to the background light. These parameters
can be determined experimentally prior to acquiring the
oscillation amplitude z0 and phase ϕ [17].

APPENDIX B: RESPONDING RANGE OF THE
PHONON-LASER SENSOR

In order to detect the responding range � of the
phonon-laser sensor, we introduce an alternating signal

064062-7
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(a)

(b)

FIG. 6. The detection of the responding range � of the
phonon-laser sensor using (a) the oscillation amplitude and (b)
the phase, where �′

n = ωn − ωi. The data points are linked with
the solid lines to guide the eye. Other parameters: Ai = 7.5 mV
and An = 1.9 mV.

with the sinusoidal form of An sin ωnt to the electrode AE.
By sweeping the signal frequency ωn with respect to the
injection-locking signal frequency ωi, we find from both
the oscillation amplitude and phase, as shown in Fig. 6, a
spread of ±0.1 Hz with respect to �′

n = 0, indicating that
the responding range � of the phonon laser is 0.1 Hz.

Since our measurement of each data point takes a time
of 10 s, it seems that � is simply the inverse of this mea-
surement time. Further investigation of � to elucidate the
physics involved is to be expected.
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