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A tunable double optomechanically induced transparency (OMIT) with a squeezed field is investigated in a
system consisting of an optomechanical cavity coupled to a charged nanomechanical resonator via Coulomb
interaction. Such a double OMIT can be achieved by adjusting the strength of the Coulomb interaction and can
be observed even with a single-photon squeezed field at finite temperature. Since it is robust against cavity decay
but very sensitive to some parameters, such as the environmental temperature, the model under consideration can
be applied as a quantum thermometer for precision measurement of the environmental temperature within the

reach of current techniques.

DOI: 10.1103/PhysRevA.91.063827

I. INTRODUCTION

Electromagnetically induced transparency (EIT) is akind of
effect with a narrow transparency window within an absorption
line of atoms [1] due to quantum interference between two
quantum pathways in A-type atoms. This effect plays a key
role in modern quantum optics experiments and applications,
such as enhanced nonlinear susceptibility [2], optical switch
[3], slow and fast lights [4], quantum memory [5-7], quantum
interference [8], and vibrational cooling [9]. Recently, the
study of EIT has been extended to multichannels, e.g., the
double EIT [10,11], and has been focused on simulation of
other physical phenomena, including Anderson localization
[12] and quasicharged particles [13].

The EIT analog occurring in an optomechanical system is
called optomechanically induced transparency (OMIT) [14],
which is caused by quantum interference between two quan-
tum channels in a A-type hybrid level configuration composed
of photon states of the cavity and phonon states of the
optomechanical resonator [15,16]. OMIT has been explored
both theoretically [17] and experimentally [14,18-20]. Similar
to EIT, the study of the originally defined OMIT [21] was
extended to the double OMIT by two coupled optomechanical
resonators [22] or by an optomechanical resonator coupled
to other systems [23,24]. In addition, the double OMIT was
explored from the fixed double OMIT [22,23,25] to the tunable
one involving a controllable coupling [24].

The present paper intends to investigate the unique behavior
of a double OMIT with a squeezed field. Due to the involve-
ment of the squeezed field, OMIT is robust against quantum
noise and thus a possible candidate for quantum memory
[26]. But if the model is extended to be a double OMIT in
a tunable manner, the physics turns out to be largely different.
The key point is that the double OMIT is robust to the cavity
decay, and quantum noise of the environment can be correlated
to the temperature-dependent noise. As such, we may carry
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out precision measurement of the environmental temperature,
assisted by the squeezed field and the homodyne spectroscopy.
Using other unique characteristics, precision measurements of
other parameters of the system are also available. This implies
that the model under consideration is by no means a simple
extension of the previously considered OMIT [26] but has
much different characteristics and applications.

The temperature dependence is from the quantum field
involved in our double OMIT, by which we are able to know
the environmental temperature by detecting the noise spectra
of the optomechanics [27]. This is very different from OMIT
with classical lights [14,24,28], whose noise spectra have
no relevance to the environmental temperature even under
the cryogenic condition [14]. In this context, our scheme is
also very different from the previous OMIT measurements
resulting from the properties of the OMIT spectra [21,24]. As
a result, our scheme provides a different idea for precision
measurement based on the noise [29,30]. On the other hand,
compared with the conventional OMIT [26], our double OMIT
is characterized as a linear variation of the peak value with
respect to the environmental temperature, which is robust to
the cavity decay and does not vary with the Coulomb coupling
between the two nanomechanical resonators (NAMRSs). The
feature exists whether the two NAMRSs are identical or not.

This paper is organized as follows. In Sec. II, we present
the solution to the model of our designed double OMIT and
focus on the spectra via a homodyne detection. In Sec. III,
some calculations are made numerically with experimentally
available values, justifying some unique features, such as
robustness against the cavity decay and invariance with
the Coulomb coupling strength. The feasibility of precision
measurement of the environmental temperature is discussed in
Sec. IV. Other extended discussion appears in Sec. V, and a
brief conclusion is given in the last section.

II. THE MODEL AND SOLUTION

As sketched in Fig. 1, there are two charged NAMRs with
one (NAMR)) inside a Fabry-Pérot (FP) cavity coupling to the
cavity mode via the radiation pressure and interacting with the
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FIG. 1. (Color online) Schematic diagram of the double-OMIT
system and the measurement. A high-quality Fabry-Pérot cavity
consists of two fixed mirrors and a charged NAMR,, which is charged
by the bias gate voltage V; and subject to the Coulomb force due to the
charged NAMR,; outside the cavity and with the bias gate voltage V.
The optomechanical cavity of length L is driven by two light fields,
one of which is the pump field ¢; with frequency w; and the other of
which is the probe field ¢;, with frequency w,. ¢, and g, represent,
respectively, the small displacements of the two NAMRs from their
equilibrium positions, with r( being the equilibrium distance between
them. The output field ¢, from the cavity turns out to be ¢y, which is
mixed with a strong local field ¢, centered around the probe frequency
w, at a 50:50 beam splitter (BS). Finally, the homodyne spectra
are obtained by the spectrum analyzer (SA) assisted by two photon
detectors (PD).

other one (NAMR;) outside the cavity. The FP cavity contains
two mirrors separated by a distance L, with the left-hand mirror
partially transmitting and the right-hand one 100% reflecting.
There is a driving on the cavity mode from the left-hand mirror
by a strong coupling field with frequency ;. The system can
be described as

p 1
Hyhole = hwec C+Z <_J + 2m j@; C]]>

m;

- ﬁgc cq1 + H; + ihei(cte ™™ —H.c), (1)

where the first term is for the single-mode cavity field with
frequency o, and annihilation (creation) operator ¢ (ct). The
second and third terms describe the vibration of the charged
NAMRs with frequency w; (w») and effective mass m (m5). p;
(p2) and g, (gq») are the momentum and the position operators
of NAMR;| (NAMR;), respectively. The fourth term presents
the radiation pressure coupling the cavity field to the NAMR;
with a coupling strength ¢ = w./L.

Coulomb coupling between the two charged NAMRs
is given by H; = 4#%, where ry is the distance
between the equilibrium positions, and NAMR; and NAMR,
take the charges C;V; and —C,V,, with C; and C, being
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the capacitances of the gates. Under the assumption that
the deformations of the NAMRs are much less than their
distance (q;,q9> < ro), the Hamiltonian H; can be expanded
to second order as H; = *a;‘gs’vz[l It 4 (2 0‘“)2]
Since the linear term may be absorbed into the definition
of the equilibrium positions and the quadratic term includes
the renormalized oscillation frequencies for both NAMRs, we

have a reduced form H; = hig g, for A = % [31,32].

The last term represents the cavity field driven by an input
field with frequency w;, where the pump field strength & =
/29w, depends on the power g of the coupling field and
the cavity decay rate k.

In a frame rotating with the pump field frequency wy, the
Hamiltonian in Eq. (1) is rewritten as

2
pP; 1
Hiotal = hAC C+ E ( I+ Emjwiqu>
]

— hgcchl + hiqiqa + ihe(ct — o), 2)

with A, = o, — w;. Considering the decay rates y; and
y» for NAMR; and NAMR,, respectively, we obtain the
corresponding frequency-domain correlation functions for the
thermal noise &; and &, at a temperature 7,

hw 5 Q
) oo+

where T = 1,2 and kp is the Boltzmann constant.

We assume that the cavity mode ¢ couples to the input
quantum field cj,, which is a narrowband squeezed field with
the center around the frequency w, = w. + w; and with a finite
bandwidth I'. The nonvanishing correlation functions for this
input squeezed field are given by

MT?
2+ (0 — w)?

(E(@)E(Q)) = 27rhyrmfcu|:1 4 coth (

(Cin(w)cin(2)) = 27 S(w+ 2 — 2wy),

ST, A
2+ (0 —w)? ¢ '
3)

where N is the photon number in the squeezed vacuum and
= /N(N + 1) is an antinormally ordered term including a
broadband contribution from the vacuum noise.
Considering the input squeezed field, Eq. (2) under dis-
sipation and fluctuation is governed by quantum Langevin
equations, yielding

(cin(@)ch (—)) = 271[

. P1 . P2
q = —, qr = —,
mj my
¢ =~k +i(Ac = gq)lc + & + V2kcin, @
pr = —miwiq) — higy + lige'e — yip1 + &1,
P2 = —mawiqy — hiqi — vap2 + &2,
whose steady solutions are given by
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) A ’ ) mla)% . 'Z'ji‘-:z £
' )
_ hagus &
s —mza)%’ Yok 4iA

063827-2



PRECISION MEASUREMENT OF THE ENVIRONMENTAL ...

with A = A, — gqi, being the effective detuning between the
cavity and the driven fields.

Next,we consider the linear operators as steady mean values
plus additional fluctuation operators,

qr = qvs + 084, Ppr = Pos +0pr, ¢ =cs+dc,

where 8q., dp;, and §c are small fluctuations around the
corresponding steady values. Since the steady values do not

J

1 iwmy
mla)%

0
A —iw+y

—iw+y

_igcs

PN
18C

S © o O

and B = (0,(0),0,6(@),v2kcin(@), v 2cci(—w)
Thus the fluctuation dc(w) of the cavity field can be solved by
the linearized equations above.

Based on the input-output relation coy(w) = V2ke(w) —
cin(w), we define the output field as Cou(w) = cour(w) +
cin(®) = V2K c(w) in order to study the physical properties
of the light field leaking out of the cavity, as in [17,26].
Straightforward deduction yields

8Cou(@) = E(w)cin(w) + F(w)cl (—w)

+ Vi(w)é1(w) + Va(w)ér(w), @)
where
1
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where the first four terms are from the input squeezed field and
the next two terms are relevant to the spontaneous emission of
the input vacuum noise. The rest of the terms are caused by the
thermal noise of the NAMRs, which is temperature dependent.
So employment of the squeezed field does not work better
for the temperature dependence itself in comparison to other
quantum fields but enhances the measurement precision in the
homodyne spectrum. In addition, Eq. (10) is more general with
respect to its counterpart in Ref. [26] since it can be reduced

M + wr)

]} + [Va(—@ + @) hyama(w — a)l){l + coth |:
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contribute to the output fields, we focus on only the fluctuation
operators, which work as the probe fields and influence the
output fields.

Defining the fluctuation operators X = (§p(w),8q1(®),
8p2(a)),qu(w),SC(w),écT(w))T, we reach the linearized quan-
tum Langevin equations AX = B for the fluctuation operators
from Eq. (4), where

0 0 0
h —hgcy —hgcs
iwm; 0 0
: ©)
mowy 0 0
0 K+ i(A—w) 0
0 0 Kk —i(A+ w)
[
Flo) = —2i/<hg2c52m2B1 ,
d(w)
2K — (A B
Vi(w) = kicsg[—k + i(A + w)lma By ’ ©)
d(w)
—/2khgcMA 4+ o +ik)
Va(w) = )
d(w)

with d(w) = —F*A*A 4+ maB12lcs|*g*hA +mAB), A =
A+ (k —iw)?, B =w’+ioy; — w%, and B, = w? +
iy — 0.

Based on the above-mentioned correlation functions of
cin(w) and &;(w) as well as the standard homodyne detection
[33] as plotted in Fig. 1, we may understand characteristics
of the system from the homodyne spectrum X(w), which
can be analytically expressed as below provided that the
fast-oscillating terms at frequencies £2wj () are omitted:

2 F2

e + E*(—w + w)E*(w + wﬂm

NT A(w +
— +IE@+o) +|F(-o+o)+ |v1(w+w1>|2hy1m1(w+w1>{1+ coth [M“

2kpT

:H + Vi(—w + o) *hyimi (o — o)

(10)

Mo — wy)
2%ksT “
[

to Eq. (13)in [26] if A = 0, i.e., in the absence of the Coulomb
coupling.

III. HOMODYNE SPECTRA OF THE DOUBLE OMIT

We specify below some unique characteristics of the double
OMIIT using the numerically calculated homodyne spectra.
For simplicity, we first suppose the two NAMRs are identical
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FIG. 2. (Color online) The homodyne spectra X (w) of the output
field as functions of the normalized frequency w/w,, (a) for different
Coulomb coupling A with the coupling strength unit Ay =4 x
10% Hz/mz, (b) for different temperature 7 with N =5, (c¢) for
different photon number N with 7 = 10 mK, and (d) for different
cavity decay « with the decay unit kg = 27 x 215 kHz.

in our treatment. The nonidentical case, which is more general
but not fundamentally different, will be justified later.

Our numerical calculation is carried out based on realistic
parameter values [34]. We consider an optomechanical cavity
with length L = 25 mm and decay rate x ~ 27 x 215 kHz,
driven by the pump field of wavelength A; = 2nc/w; =
1064 nm. For the two identical NAMRs, we assume the
effective mass m = m; = m, = 145 ng, the eigenfrequen-
cies w, = w; = w; = 2w x 947 kHz, the decay rates y,, =
y1 = y» = 21w X 141 Hz, and the quality factors Q| = Q, =
Wm/Ym = 6700. In addition, the linewidth of the squeezed
vacuum is supposed to be I' = 2«.

In most of the calculations below, we employ the zero
temperature 7 = 0 and photon number N = 5 in the squeezed
vacuum, and assume the coupling field power o =2 mW
and the coupling strength unit Ao = 4 x 10’ Hz/m?. The
homodyne spectrum X(w) plotted in Fig. 2(a) presents the
change from a single transparency window to two transparency
windows with increasing Coulomb coupling, which reflects
the fact that the Coulomb coupling breaks down the original
interference in the OMIT and splits the bosonic mode of the
system into two. Since the energy difference between the
two split bosonic modes depends on the Coulomb coupling,
the splitting of the transparency windows is relevant to the
Coulomb coupling [23]. However, the middle peak is fixed no
matter how much the Coulomb coupling varies.

For a finite temperature, the homodyne spectrum X (w) still
works for the double OMIT, as presented in Fig. 2(b), where the
visible middle peak and two nadirs exist even at 7 = 100 mK.
However, the trend reflected in Fig. 2(b) indicates that the
double-OMIT will definitely disappear with further increase of
the temperature. In addition, a more careful calculation shows
that the photon number plays an important role in the X(w)
variation. From Fig. 2(c), we find that the middle peak and two
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nadirs are visible at T = 10 mK, even for the squeezed state
at the single-photon level (the red dashed curve). In particular,
compared with Fig. 2(b), Fig. 2(c) shows that the two nadirs
of the double OMIT are fixed with the variation of the photon
number but change with the temperature.

Moreover, the cavity decay modifies the profiles of the
transparency windows, as plotted in Fig. 2(d). However,
although the profiles become narrower and sharper with
smaller cavity decay rate «, the peak and the nadirs of
the two transparency windows remain unchanged, implying
robustness against the cavity decay at these points.

IV. MEASUREMENT OF THE ENVIRONMENTAL
TEMPERATURE

Using above indicated properties of the homodyne spec-
trum X(w), we may carry out precision measurement of the
environmental temperature using the double OMIT with the
squeezed field.

Figure 3(a) presents the step-by-step change of X(w)
with the environmental temperature, where the middle peak
increases linearly with the temperature. Since we have renor-
malized the middle peak value by X, = X(0)/ Xo with X, =
87.59 = X(0) at zero temperature, the temperature change
can be exactly known from Fig. 3(b) by precisely measuring
the variation of X,. But as shown in Fig. 3(a), the height
difference between the middle peak and the two nadirs shrinks
with increasing temperature. This implies an upper limit of
the measured temperature, e.g., T = 0.13 K, where the double
OMIT reaches the resolution limit of the observation.

Specifically, for the linear variation of X, with respect
to T in Fig. 3(b), the sensitivity can be evaluated by the
slope k = 3T /3X(0) =4.4x 1072 K. As a result, for a

1.1 q

0 0.02 0.04 0.06 0.08 0.1 0.12 0.13
T

(K)

FIG. 3. (Color online) (a) The homodyne spectra X (w) as func-
tions of the frequency w/w,, and the temperature T for A = A¢. (b) The
rescaled middle peak value X, (in units of X, = 87.59) as a function
of the temperature 7 for A = Ay, where the temperature measurement
is available within the range 0 < 7' < 0.13 K. The upper limit of the
measured temperature is restricted by the measurement resolution 1%
of X, at T = 0.13 K. Other parameters take the same values as in
Fig. 2(a).
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measurement precision of the peak value §X(0) = 1%, the
detectable temperature change can be as small as 4.4 x 107> K,
which is lower, by one order of magnitude, than a quantum
thermometer designed based on a noise measurement using
the electron charge [35]. The linear variation of the middle
peak with respect to the temperature can be understood from
Eq. (10) in which the last four terms are reduced to be linearly
changing with T if T — 0. In fact, the measurement precision
in our case can be further enhanced if we elaborately change
the mass ratio of the two NAMRs, as discussed later. We have
to emphasize that this measurement based on the peak values
is insensitive to the change of Coulomb coupling, as indicated
in Fig. 2(a).

To carry out a precision measurement in our scheme,
we have to have a big enough contrast of X(w) for our
observation. To this end, we consider below the influence from
the photon number and the environmental temperature. When
the two NAMRs are identical, if many photons are involved
in the squeezed state, we have N ~ M, and Eq. (10) at low
temperature (77 — 0) expands to first order at the frequency
of the peak point (wpeak = 0) as

X(a)peak) = X(©0)
= N[E(®n) + E* (@) + |E(0n)* + | F(wn)*

+ 2| Vi(@m)|*hy1myw,, coth ficom
1(Wm Yimiwy, 2pT

how
2\ Va(wm)|*h n coth -
+ 2| Va ()| hy2maw,, co |:2kBT:|

= N[E(®n) + E*(@n)]* + | E(wn)]*
+ | F(wn))* + k(0)T, (11

where the slope is k(0) = 4kgym[|Vi(wmn)|? + |Valwm)|?]
and N is relevant to the quantum signal terms which compete
with the last two thermal noise terms involving 7. With
the increase of T, the values of the thermal noise terms
will exceed those of the quantum signal terms, and thus the
quantum signal is completely buried by the thermal noise, i.e.,
disappearance of the double OMIT. To clarify this point, we de-
fine quantum signal visibility Vps = (peak — nadir)/peak
as a contrast of our observation, where Vpg = 1 implies an
overwhelming quantum signal and disappearance of the double
OMIT corresponds to Vgs = 0. Involvement of more photons
helps increase the contrast, as indicated in Fig. 2(c) and as
understood from Eq. (11). We plot in Fig. 4 a borderline
for available precision measurement, below which Vgg is
smaller than 1%, the measurement resolution we assumed
above. As such, if T = 0, the double OMIT always exists no
matter how many photons are involved. But with 7" increasing,
more photons are required to be involved for our proposed
measurement of the environmental temperature to work.

V. DISCUSSION

The precision measurement of the environmental temper-
ature described above is based on identical NAMRs. A more
general and realistic case is with nonidentical NAMRs, which
are different in frequency or mass. In such cases, our model
has different characteristics and thus different applications.
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FIG. 4. (Color online) The quantum signal visibility Vs as a
function of the photon number N and temperature 7 for A = Ay. The
green dashed line represents a borderline for available measurement,
below which V is less than the measurement resolution 1%. Other
parameters have the same values as in Fig. 2(a).

As an example, we first consider in Fig. 5 the situation
with different frequencies of the two NAMRs. In this case, the
profile of the double OMIT keeps changing with the frequency
difference Aw = |w; — w,|, where the double windows are
first split into triple windows and then become a standard
OMIT with a single window, like the absence of Coulomb
coupling [see Fig. 5(a)]. Figure 5(b) provides another view

08 o6 0
| -0.2
M, 04 g2 o o4 ° oo,
1.4 ‘ ‘
e (c)
o= Aw=0.20).
Qo ; . )
% 1.2f . . . . 7
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FIG. 5. (Color online) (a) The homodyne spectra X(w) as func-
tions of w/w; and Aw/w; for A = Ay. (b) The homodyne spectra X (w)
as functions of w/w; and A/A¢ with Aw = 0.1w;. (c) The rescaled
peak value X/, (in units of 84.03) as a function of the temperature T
for A = Ao, where the available measurement of the temperature is
0<T<014K(Aw=0.1w)or0< T <0.18 K (Aw = 0.2w)).
The upper limit of the measured temperature is restricted by the
measurement resolution of 1% of X/,. Other parameters have the
same values as in Fig. 2(a).
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FIG. 6. (Color online) (a) The homodyne spectra X (w) as func-
tions of w/w,, for . = X%y and T = 0. (b) The homodyne spectra
X(w) as functions of w/w,, for A =Xy and T = 20 mK. (c) The
rescaled middle peak value X, (in units of 87.59) as a function of
the temperature T for A = Xy, where the temperature measurement
is available within the range 0 < 7 < 0.16 K (m, = 0.5m;) or
0< T <0.12 K (my =2m,). The upper limit of the measured
temperature is restricted by the measurement resolution 1% of X,.
Other parameters take the same values as in Fig. 2(a).

angle to observe the role played by the Coulomb coupling.
Different from the situation with identical NAMRs, the
Coulomb coupling yields triple windows directly from the
single window once the Coulomb coupling becomes nonzero.
This feature actually results from the interference of two
double OMITs with two asymmetric windows due to the
frequency difference. As indicated by the homodyne spectra
in Figs. 5(a) and 5(b), although the profiles of the spectra
change in the variation of Aw and X, the two symmetric
peaks in the case of triple windows are always fixed, where
the two peak values can be evaluated by a)ggu) lo=w, = 0 and
a;fi)“’) lo=w, < 0, with w1 being the frequencies relevant to the
two symmetric peaks.

Based on this feature, we consider below a measurement
of the environmental temperature using one of the peak values
[see Fig. 5(c)]. The peak value varies linearly with respect to
T, in the same fashion as in Fig. 3(b) for the middle peak values
in the case of identical NAMRs. Straightforward calculations
of the slopes in this case present less precise measurements
of the environmental temperature compared to the case of
identical NAMRSs since we have the sensitivity with 0.44
(Aw = 0.1w1) or 0.33 (Aw = 0.2w;) of the counterpart in the
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case of Aw = 0. Therefore, for a more precise measurement
of the environmental temperature with two different NAMRs,
the frequency difference is required to be as tiny as possible.

If the two different NAMRs have the same frequency but
different mass, we have only double OMITs, rather than triple
OMITs. In this case, we found that the middle peak remains
the same value for different ratios of m,/m, provided that
the temperature is zero, but it varies with different slopes for
different ratios of m,/m; if T # O (see Fig. 6). In particular,
if NAMR; has a bigger mass than NAMR|, e.g., m, = 2m;
in Fig. 6(c), the measurement sensitivity of the environmental
temperature is higher than the counterpart in the identical case.
In addition, the measurement range changes with different
ratios of m,/m;, as indicated in Fig. 6(c). Nevertheless,
within the range T € [0,0.12] K, we have the possibility to
obtain a measurement precision of temperature better than
4.4 x 1073 K.

VI. CONCLUSION

In summary, we have justified the possibility of pre-
cisely detecting the environmental temperature by the unique
quantum characteristics of double OMIT. We have shown
by numerical simulation that we are able to measure the
environmental temperature more precisely than a previously
reported quantum thermometer [35].

For simplicity, however, we have kept the radiation pressure
constant throughout the paper. For a thorough investigation of
the temperature measurement, it is necessary to explore the
change of the radiation pressure. Straightforward calculations
indicate that enhancement of the radiation pressure due to
an increase of the photon number will definitely lead to a
more precise measurement of the environmental temperature.
Nevertheless, the nonlinear effect in the optomechanics as
the result of more photons being involved would bring in
unexpected complexity, which needs further scrutiny.

Moreover, due to the tunable fashion and robustness to
cavity decay, the model under consideration can also be applied
to other applications, such as precisely measuring Coulomb
coupling strength and the frequency (mass) difference between
the two NAMRs. Further exploration would be more interest-
ing and is underway.
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