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SPECIAL TOPIC — Quantum computing and quantum sensing
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A high-precision and tunable mass detection scheme based on a double-oscillator optomechanical system is proposed.
By designating one of the oscillators as the detection port, tiny mass signals can be probed through the frequency shift of
the output spectrum, utilizing the system’s optomechanically induced transparency (OMIT) effect. By solving the output
of the optical mode, we demonstrate that the system exhibits two OMIT windows due to the double-oscillator coupling,
with one window being strongly dependent on the mass to be detected. Characterizing the spectrum around this window
enables high magnification and precise detection of the input signal under nonlinear parameter conditions. Additionally,
our scheme shows resilience to environmental temperature variations and drive strength perturbations.

Keywords: optomechanically induced transparency, optomechanical system, mass sensor

PACS: 03.67.Bg, 42.50.—p, 42.50.Wk

1. Introduction

Quantum mechanics, when combined with advanced
measurement technologies, has led to remarkable achieve-
ments such as gravitational wave detection,!!'=3] dark matter
searches, *~°! and low-reflective object detection.[”! The in-
tegration of quantum technology has enabled detection ca-
pabilities that exceed the classical limits, reaching and even
surpassing the standard quantum limit (SQL).!'-'?] This
breakthrough in detection technology opens up possibilities
for tasks that classical technology cannot perform, such as
microwave sensing at the subphoton level,!'3] single spin
detection,'*13) and resolving vacuum fluctuations.'®! Among
these advancements, the detection of tiny masses holds signif-
icant importance for various applications, including biospeci-
men detection!!” and addressing quantum—classical boundary
problems.[1819]

A high-precision quantum detection device based on op-
tomechanics, which converts minute mass perturbations into
optical signals, has garnered significant attention for its po-
tential applications. >!6:19211 The optomechanical system nat-
urally links the mechanical mode of a massive object with
the optical mode, demonstrating excellent detection proper-
ties. The utilization of this system as a platform enables the
detection of mechanical signals with optical precision.[?>-24]
When combined with homodyne detection technology, we
can achieve high detection accuracy across various applica-
tions, including quantum illumination,®>! mechanical mo-
tion measurement, 20! and weak-field detection.!>!!! In mass
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sensing, optomechanical systems have demonstrated signifi-

17,27-29

cant theoretical and experimental advantages, | linclud-

ing mass sensors based on four-wave mixing!!”?”! and mass
detection via mechanical oscillation frequency shifts.[282°]
However, the SQL constrains the potential for improving the
detection accuracy in these protocols. Breakthroughs in sur-
passing the SQL of detection noise can be achieved by uti-
lizing a coherent noise cancellation scheme.!!!-3%-31] The SQL
is essentially a manifestation of the Heisenberg limit of the
system.["] To achieve precise measurements, the probe sys-
tem must be dominated by quantum effects. This requires
cooling the probe system to a temperature where environ-
mental classical noise, such as thermal noise, can be ig-
nored. Typically, this cooling occurs within the range of

32331 However, this low-temperature

milli-Kelvin to Kelvin.!
requirement significantly limits the implementation of detec-
tion schemes, particularly for biological samples like chro-
mosomes and cellular assays,>*% where room tempera-
ture detection is essential. To address the need for room-
temperature detection, various schemes have been proposed
that perform well at room temperature or even temperature-
robust, such as nonlinear optical mass sensors!!”! and mass

37) The core of these

detection based on frequency shifts.
schemes is to exploit the difference in the system’s response
to signal and noise. This opens up the possibility of using
differential effects, such as nonlinearities, as detection tech-
niques to distinguish mass signals from noise. Optomechani-

cally induced transparency (OMIT) is a typical nonlinear ef-
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fect in optomechanical systems!®¥! and exhibits a range of
remarkable quantum properties.[3°#? OMIT has been real-
ized in various physical setups, including whispering gallery
mode cavities,[*3] membrane-in-the-middle systems,[44] and
nano-electromechanical systems.*’! The potential advantages
of OMIT for detection have been investigated, with several
protocols developed for detecting the orbital angular momen-
tum of light fields®! as well as mass.[*”*8] However, cur-
rent OMIT-based mass sensing schemes depend on the linear
relationship between mass-induced frequency shifts and the
OMIT spectrum, resulting in detection accuracy that is solely
determined by the system’s mass responsivity, limiting effec-
tive signal amplification.

In this work, we design a double-mechanical mode op-
tomechanical detection system by combining OMIT with mass
detection. A tiny mass object is attached to one of the me-
chanical oscillators, causing a change in its intrinsic frequency.
This frequency shift, induced by the attached mass, is reflected
in the spectral window position of OMIT and can be detected
through optical measurement. Additionally, through eigen-
frequency resolution analysis, we identify the existence of a
quasi-mode (defined as shift frequency mode) in the system,
which is highly sensitive to mass changes (or frequency vari-
ations). The OMIT spectrum of the frequency-shifted mode
directly reflects the mass of the attached object, allowing for
temperature-robust detection of small masses within a spe-
cific range, as well as nonlinear amplification of signals in our
scheme. The paper is organized as follows. In Section 2, we
describe and solve the model we study and analyze the under-
lying mechanism of mass detection. In Section 3, we exam-
ine the OMIT effect of the output field and the mechanism of
mode splitting. In Section 4, we present the scheme for tiny
mass detection and discuss its detection capabilities. Finally,
the summary and discussion are provided in Sections 5 and 6.

2. Model and Hamiltonian

The schematic diagram of our system is shown in Fig. 1.
Both mirrors of the cavity are movable. One of the mirrors is
used as the detection port to detect the mass of attached parti-
cles. The system’s Hamiltonian takes the form

H O
w =o't Y, =X (pi+q) - gjd'aqj+ Vg, (1)
fp)

where a and a' denote the annihilation and creation operators
of the cavity, while g; and p; are the position and momen-
tum operators of the j-th mechanical oscillator. g; denotes the
strength of the single-photon optomechaical coupling rate with
the j-th mechanical resonator. V denotes the coupling strength
between the two mechanical oscillators and can be realized via
a substrate-mediated interaction in a high-stress silicon nitride
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Fig. 1. Sketch of the studied system. (a) A strong coupling field at fre-
quency @ and a weak probe field at frequency @, are injected into the
cavity through the left mirror. Both mirrors of the cavity are movable.
One of the mirrors is used as the detection port to detect the mass of at-
tached particles. After the interaction between the cavity field and the me-
chanical oscillators, the output field will contain multiple frequencies. (b)
Schematic diagram of the equivalent energy levels of an optomechanical
system. A typical electomagnetically induced transparency (EIT) energy
level structure is illustrated. Due to the coupling, the mechanical mode
of the system splits into two quasi-modes, one of which is close to the
original frequency (@wpx) and the other is far away from it (wsp).

membrane. '] The system is simultaneously driven by a

strong coupling field & = \/m with frequency @. and
weak probe field g, = \/W with frequency @y, where P
and P, denote the powers of the pump field and probe field, re-
spectively. k denotes the optical dissipation rate. The Hamil-
tonian of the driving can be written as

Hy= Y inej(a"e " —ae'®"). )
Jj=¢c,p

In our model, we intend to measure the tiny mass as an ex-

11491y where the ex-

ample (such as chromosome-1 molecule!
ternal accretion mass will introduce an additional frequency
response to the 2nd mechanical resonator. The purpose of in-
troducing two oscillators is to use one of them as a reference
and the other as a probe, and the effect caused by the relative
frequency difference between them can be used as a detection
basis. This approach can effectively avoid frequency pertur-
bations caused by non-mechanical modes. The corresponding
mass responsivity is defined as R = dw/dm, with the typical

1. 129.501 To implement our probe pro-

value R = 11 Hz - yg™
tocol, we deposit a few tiny mass particles onto the surface
of the 2nd mechanical resonator. The signal introduced by
the mass attachment can be described as Aw = Nm’R, where
m and N are the mass and number of attached particles, re-
spectively. Thus the eigenfrequency of the 2nd mechanical
resonator should be modified as @y, = Ono — A®, where Wy
denotes the original frequency of the 2nd mechanical resonator
without attached particles. To analyze the signal detection
specifically, we need to solve the dynamics of the system. In
the frame rotating at pump laser frequency @, the quantum
Langevin equations can be obtained as

. K .
d:7(1A+§)a+ Z iagjq;+ €1+ VxKain, (3a)
j=12
4j = Omjpj, (3b)

Pj=—0nmjq;—Yipj+gja a=Vas j+/Tipnj (3c)
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where & = & + epe_i‘S’ is the total driving. A = @, — o
is the cavity detuning, 6 = @, — @ is the detuning between
the probe field and the driving field. « is the cavity decay
rate and aj, is the vacuum radiation input noise operator of
the cavity mode. 7; is the mechanical decay rate and pj, ;
describes the input thermal noise. Under Born—Markov ap-
proximation we have <plrn jpin7k> = n,j0(J, k), where ng j =
[exp(hiwm; /ksT) — 1]~" describes the equivalent thermal oc-
cupation.

Under strong driving and weak coupling conditions, the
optical and mechanical operators can be split into the mean
value and quantum fluctuation components: a — da + (a),
bj— 8b;+ (b;), where b; = (ip; +q;)/v/2 denotes the anni-
hilation operator of the j-th mechanical oscillator. In the pres-
ence of a strong driving field, the photon and phonon numbers
of the system are large enough, i.e., {(a), (b;)} > {ba,0b;}.
In this case, the transmission characteristics of the system is
dominated by the mean value components, and the quantum
fluctuation can be ignored. Thus, Eq. (3) is rewritten as

@=-]ia= ¥ gila)+5|@+e, @
j=12

(g;) = Omj(p;), (4b)

(p) = —omila;) — vi(pj) +gi(a’)a) —Vigs_). (4o)

In our model, the probe field is very weak and can be treated
as a small quantity in the Hamiltonian. We thus can write each
operator in the form of perturbation solution

(h) = (h)o+ (h)+&pe "% + (h)_gre® +0[e7].  (5)

Ignoring the high order small quantity 0[83], the steady-state
solutions with # — oo are obtained as

@ = e (62)
(a1)o = |a°zr(jlwmw“f__‘f§v) , (6b)
(g2)0 = |ao|:)§2wmwrzl_vgzl V), (6¢)
(@) = iV 0 Bo) (6d)

LI —V2On On) — O
where
A =A-Y gjilgjo,
j=1.2

Z B—lej|2wmj+G7G3—jvwmlwm27
=12

(C]

in which I} = i7;6 + 8% — 0, and [t = ik/2+ 6 —A. G; =
gj(a)o denotes the Linearized coupling rate. The output field
can be derived by using the input—output relation, where

—idt

Eout + Epe + & = x{a). 7

It is obvious that the output spectrum is a function of @py;.
Thus, the signal of the output field contains the information of
the attached molecules. By measuring the transmission char-
acteristics of the output field, we can obtain the mass or the
number of the chromosome-1 molecules to be measured. Ac-
cording to the perturbative expansion form used previously,
the output field can be extended in the form

—id id
Eout = Eout0 1+ Eout+Ep € 0 4 eoutfgs e'”, (®)
where €410, Eout+ and Eyye— correspond to the responses at the
original frequencies @, ®, and 20, — @,, respectively. Comb-
ing Egs. (5), (7), and (8), we obtain

Eout) = K'<a>0 — &, Eout+ = K<a>+ -1, &u-= K<a>—- ®

The probe field can exhibit EIT-like behavior in the
present strong coupling field in the optomechanical system. ']
We focus on the output field &y, with frequency ®,. To in-
vestigate the transmission characteristics of &y, we define
X = x{(a)+ to describe the response of the cavity optomechan-
ical system to the probe field. According to the absorption and
dispersion theory, the real part and imagery part of ) respec-
tively represent the behaviors of absorption and dispersion. [>?!

3. OMIT in output field

In this section, we investigate the relationship between
the OMIT behavior of the output field and the small absorbed
mass. Figure 2 illustrates the OMIT spectrum with different
system parameters. Figure 2(a) shows the real and imagery
parts of  with different coupling strength V. The OMIT win-
dow is raised due to the optomechanical sideband effect.[*33]
This window is shifted to the high frequency range by en-
larging the mechanical coupling strength, which can be un-
derstood by diagonalizing the coupled mechanical oscillator.
In Fig. 2(b), we investigate the effect of the optomechanical
coupling strength on the OMIT window. When G| # G», two
OMIT windows are raised in the output field, i.e., positions
where both the real and imaginary parts are 0. The value of
G» has an effect on the frequency of OMIT windows. As G
increases, the peaks in the real part and the valleys in the imag-
inary part move, where those greater than @p,; move towards
the high frequency part, and conversely those less than @p
move towards the low frequency part, and the distance be-
tween these two peaks or valleys increases with the increase
of Go. When G| = G,, the OMIT window in the low fre-
quency disappears due to the decoupling of effective odd mode
with low frequency under this condition. Thus, in our model
the number of OMIT windows can be adjusted by the differ-
ence between G| and G,, and the frequency of OMIT win-
dows can be controlled by adjusting the value of V. As shown
in Fig. 2(c), when the two oscillators are not identical, which
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means there is a frequency difference between them, an extra
OMIT window appears. As the frequency wy, decreases, both
OMIT windows move away from the central frequency @,
and the peaks and valleys of both the real and imaginary parts
(absorption and dispersion) behave similarly. It is worth not-
ing that the signal to be measured (small mass object) is also
reflected in the output spectrum by the frequency change of
Wm2. Therefore, figure 2(a) can also intuitively show the char-
acteristics of the signal detection spectrum. The position of
OMIT window, peak value of real part or valley value of imag-
inary part can be used to calibrate the size of the signal. For
OMIT, its position is robust to the linearized coupling strength.
If the OMIT window is selected as the probe, the disturbance
caused by the instability of driving strength can be resisted.
The characteristics of the absorption peak and the dispersion
valley are similar in the spectrum, and the absorption peak is
more recognizable. If it is used as a probe, although it loses
its robustness to the linearized coupling strength, its position
is adjustable (Figs. 2(a) and 2(b) can be adjusted by altering
the driving laser or the coupling between the mechanical os-
cillators). For example, we can control the position of the peak
so that it appears in the highly sensitive area of detection (the
detailed discussion will be given in Section 4). This high tun-
ability of the OMIT window due to the dual-oscillator system
and the dual-window property is beyond the capability of the
conventional OMIT system. Especially for the double win-
dows due to mode splitting, the change of their relative posi-
tions can reflect the magnitude of the mass adsorbed by the
probe port oscillator.

As we mentioned in Section 2, the eigenfrequency of the
2nd mechanical resonator is modified by Wy — Oy — S ®
with absorbed mass. We have shown the OMIT windows of
the output field with different @y, in Fig. 2(c). The lower win-
dow has a larger frequency shift than the higher window with
the same wy,; reduction. To understand the unbalanced fre-
quency shift effect, we recall the equivalent energy level struc-
ture diagram shown in Fig. 1(b). Two obvious OMIT windows
are raised in our model, which are respectively distributed on
the left and right sides of wy,. The OMIT window is split into
two due to the coupling effect between the two oscillators. The
corresponding polarized effective frequency can be obtained
by diagonalization of the coupling oscillator

Oy + O AV + (O — O)?
- . .

O+ (10)

According to the express of @4, one can obtain that under con-
dition V < 012, when Oy > Wni, OFX,SF = OF = Oni2,
when Wny < Oy, WFx SF = OF & @Oy 2. Thus, the window
caused by wsr can directly reflect the frequency change of the
detector oscillator (Wsg ~ Wy2). We mark it as shifted fre-
quency wsr. And the window caused by wpx ~ @y does not

respond well to the frequency change of the detection port. We
mark it as fixed frequency wrx.

?|(a)
0 .
— V/wy, =0.1
OF—V/wm=02——
—1) “%ees=-
0.8
2|(b)
A
= :
0 "Il ' & ',, 'l
G/ Teellf /.
' o i b ‘
Ve " ig M Gofwy =02 s Ser y
i .* £ . ,'\. R
— 1} E - i Gy/wy =0.3 Yoo LR .o
0.8 1.0 1.2
(e 77\, OMIT window /,
>
0 HEW T Tk S fm Gy = 0.95
g A W = /o =0.90
R G S A
1 memaaetaEtl el Y et Wina/ W1 = 0.85
0.8 1.0 1.2

§/wm1

Fig. 2. OMIT behavior of the output field, the real part denotes the ab-
sorption of the optomechanical system to the prob field, the imagery part
the dispersion of the optomechanical system to the prob field. (a) OMIT
spectrum as a function of mechanical coupling strength V. (b) OMIT
spectrum as a function of linearized coupling strength G,. (c) OMIT
spectrum as a function of linearized coupling strength @p;. Other param-
eters are A = W1, K/On; = 0.2, 71 = % = 1001, G1/@m = 0.1,
G2/ ®n1 =0.1,V /oy =0.1, and @ = 108 Hz.

1.2 (a) ) 1.2 (b1) /
S 1.0

3
1.1 PR
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2 0.8
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Fig. 3. The splitting fixed frequency wrx and shifted frequency wsp as
a function of @Wy,. The jump point represents the change in sign of the
frequency modification resulting from the frequency shift of @wy,. Other
parameters are the same as those in Fig. 2.

In Fig. 3, we investigate the relationship between the fre-
quency of diagonalization and frequency change of the detec-
tion port. With the shift of @y, the effective frequency wgx
has small changes around @y, but the effective frequency wsp
has the significantly changes faraway from @y,;. This is con-
sistent with the analytical results in Ref. [10]. We plot the
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changes of wsr and wgx with respect to @y, in Figs. 3(bl) and
3(b2), respectively. Under the given parameters, the difference
between the two subgraphs is obvious, and wsp is more sen-
sitive to @Wy2. This is also the difference between our model
and the normal detection model.[*”*8] We can incorporate the
frequency change caused by the signal into one of the modes
to simplify our detection process.

4. Mass sensor based on OMIT

In the process of mass detection, the mechanical oscil-
lator is surround in a thermal environment, temperature in-
creases the fluctuation of the detection port, and then reducing
the detection accuracy of the system. OMIT is a frequency
dependent coherent effect in optomechaincal systems. Com-
pared with other effects in optomechanical systems, OMIT is
more robust to the environment temperature. According to the
analysis in the previous section, we can obtain that the mass
of the adsorbed object will change the intrinsic frequency of
the mechanical oscillator and then cause the frequency shift
of the OMIT spectrum. The window or absorption peak of
OMIT can be exhibited on the transmission spectrum. Thus,
we can detect the mass by frequency shift of OMIT spectrum,
which essentially avoids the problem that temperature affects
the fluctuation of the signal strength. In this section, we show
the protocol for detecting mass based on OMIT. According to
the results in Fig. 3, wsg can directly reflect the mass of the
probe port absorption (frequency change of wpy).

We show our detection protocol in Fig. 4, the mass of the
adsorbed object is represented by the frequency shift of the
OMIT spectrum at wsg. In the left subgraph of Fig. 4, we
exhibit the change of OMIT spectrum with the mass of the
adsorbed objects. It can be clearly seen that there are two dis-
tinct peak variation areas in the subgraph as the mass changes.
One of the areas is not sensitive to changes in mass, which is
around @y,;. This corresponds exactly to the effect of wgx that
we analyzed in Fig. 3. This area is not conducive to our detec-
tion scheme and needs to be avoided, so we mark it as a low-
resolution region. The other area is more sensitive to changes
in mass, and it corresponds to the effect of wsp. As discussed
in Fig. 3, we note that this area is beneficial to detection. The
frequency change caused by mass is linearly reflected in the
change of the peak value in this area, so the mass can be de-
duced by analyzing the output spectrum. Similar conclusions
were also given in Refs. [17,27,47,48]. In this area, OMIT in-
duced output does not exhibit additional amplification (mass
induced frequency shift is close to the frequency shift corre-
sponding to OMIT output spectrum). The detection accuracy
of this area strongly depends on the mass responsivity of the
system, therefore, we mark it as a normal-resolution region. It
should be noted that this area still belongs to the linear region
of OMIT effect. However OMIT is typically a nonlinear effect,

as shown in the subgraph at the lower right corner of Fig. 4,
when 6 =~ 0, there is an obvious nonlinear effect between the
peak value of the spectrum and the mass. The amplification
effect of this region (see the slope of the red part) can reach
infinity, so we mark it as a high-resolution region. In addi-
tion, although the abscissa marks the additional mass, it does
not mean that we can only detect mass perturbations around
10 ag. We only need to set the mass of the second mechanical
oscillator in advance to the value we need (such as the origi-
nal mass plus 10 ag) to detect the attachment of a single small
mass particle.

0 0.5 1.0 1.5 2.0 2.5

Normal-resolution

Negative frequency range

0 5 10
m (ag)

Fig. 4. The real part of x as a function of & and mass m (in units of
ag = 10718 g). The negative frequency part of the figure is just to show
our results better and will not be involved nor correspond to any physi-
cal meaning in our discussion. Other parameters are the same as those in
Fig. 2.

Different from the traditional detection protocol, our pro-
tocol has no requirements for laser driving and optomechan-
ical coupling strength in mass measurement, and our scheme
can freely choose the detection accuracy according to the ac-
tual demand. If the requirements for precision are not high,
select the normal-resolution region that is easier to achieve
in terms of parameters. If the requirements for precision are
high, select the high-resolution region that is sensitive to pa-
rameters. Our protocol does not rely on the presence of an
OMIT window for detection; instead, it uses the real part of y,
specifically the absorption peak (highlighted in red in Fig. 4),
to calibrate the mass to be measured. In the positive frequency
region, the real part of ¥ remains below 2. However, in the
negative frequency region, where the roles of the probe and
driving fields are reversed, amplification occurs due to the
driving, causing x to exceed 2. In addition, compared to the
OMIIT detection protocol with a single resonator, our protocol
is more robust to driving. Since we exploit the spectral prop-
erties of the double OMIT window induced by mode splitting
due to coupling effects between the resonators. Although the
spectrum is an output property of the probe field, the relative
position of the OMIT spectra allows a perfect avoidance of
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detection errors due to the frequency drift of the driving (the
mechanical mode splitting is independent of the probe field
frequency).

5. Discussion

In practical applications of our scheme, the system in-
evitably experiences the effects of environmental temperature
and quantum fluctuations, which can diminish the detection
accuracy. This noise may lead the detection system to mis-
interpret signals as mass, thereby limiting the lower bound of
detectable mass accuracy in our scheme. When the mechani-
cal quality factor O, < 1, we can estimate the mass detection
accuracy Om based on the equivalent mass of the noise action

energy, 374

2my Y2 | Enoise (11)

om > ;
Om? Ec

where E ~ my®2,(g2)3 represents the maximum driving en-
ergy and Eyojse = kgT + hg2(<a§nain) + (aina§n>) accounts for
the sum of thermal energy from the probe port mode and fluc-
tuation energy of the optical mode. Here, kg is the Boltz-
mann constant, 7 is the environmental temperature, and m»
denotes the mass of the mechanical oscillator 2. We utilize
a membrane optomechanical system capable of constructing
two-oscillator couplings to demonstrate the detection capabil-
ities of our protocol with a characteristic mass m ~ 1076 g.[4]
The minimum detection mass is plotted as a function of tem-
perature and dissipation in Fig. 5. It is observed that as tem-
perature and dissipation increase, the minimum detection mass
also rises, indicating reduced precision in our detection pro-
tocol. Under the current experimental conditions, it is fea-
sible to achieve a resonator temperature below 1 K and dis-
sipation k/@my = 0.1, resulting in a detection precision of
dm ~ 204.8 zg (204.8 x 1072 g).
nificantly lower than the mass discussed in Fig. 5, i.e., ag
(1018 g). At room temperature (300 K), the detection ac-
curacy is &m =~ 3547.7 zg, which can also achieve a level of

ag.

This precision is sig-

(a) (b)
3000 250

230

om (2g)
om (zg)

210

1000

0 150 300 0 0.5 1.0
T (K) /Wi

Fig. 5. (a) Minimum detection mass as a function of temperature with
K/®m1 = 0.2. (b) Minimum detection mass as a function of optical dis-
sipation with T = 1 K. Other parameters are V/on = 0.1, y1 = 1o =
10 @1, 81 = g2 = 103 Oy, & /Oy =20, m =100 g.

6. Conclusion

In conclusion, we propose a tiny mass detection scheme
based on OMIT effect. The detection accuracy of this de-
tection scheme can be adjusted by changing the mass of the
second oscillator. We can achieve normal-resolution detection
with the same accuracy as reported in recent works, 172747481
and high-resolution detection with much higher accuracy. All
the parameters we selected are within the range that can be
reached in the present experiment. 3! In Fig. 4, for the sake of
demonstration, the detection quantity we choose is the absorp-
tion peak value. From the analysis in Fig. 2, we can see that
if OMIT window is used as a probe, similar conclusion still
holds. Since we are detecting frequency shifts, the protocol
is valid only if the signal is distinguishable from the thermal
noise, and such schemes for detecting frequency shifts are ro-
bust to temperature.3’! In addition, in our analysis in Fig. 2,
we can also see that if the OMIT window is used as a probe,
the disturbance of the system to the driving laser is also robust.
Our scheme provides a new way to detect small masses with
high precision, and is robust to temperature as well as driving
laser disturbance. It provides a potentially valuable platform
for quality detection and its application.
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