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Quantum-enhanced electrometer based on microwave-dressed Rydberg atoms
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Rydberg atoms have shown remarkable performance in sensing microwave fields. The sensitivity of
such an electrometer based on optical readout of the atomic ensemble has been demonstrated to approach
the photon-shot-noise limit. However, the sensitivity cannot be promoted infinitely by increasing the power
of the probe light due to the increased collision rates and power broadening. Compared with classical
light, the use of quantum light may lead to a better sensitivity with a lower number of photons. In this
paper, we exploit entanglement in a microwave-dressed Rydberg electrometer to suppress the fluctuation
of noise. The results show a sensitivity enhancement that beats the shot-noise limit in both cold- and hot-
atom schemes. Through optimizing the transmission of the optical readout, our quantum advantage can
be maintained with differing absorptive indexes of the atomic vapor, which makes it possible to apply a

quantum light source in the absorptive electrometer.
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I. INTRODUCTION

The ultrasensitive detection of electric fields plays a
significant role in widespread applications, including com-
munications [1,2], remote sensing [3,4], and medical diag-
nosis [5—7]. Rydberg-atom-based electrometers (RAEs)
[8—11], in which the spectroscopic characterizations of
atoms are engineered by the optical and electric fields in
the process of electromagnetically induced transparency
(EIT) [12] and Autler-Townes (AT) splitting [13], bring
about a direct International System of Units (SI) traceable
and self-calibrated measurement of the electrical ampli-
tude with a broadly dynamic range. These instruments can
be very sensitive to electric fields due to the large transi-
tion electric dipole moment [14], which leads to a strong
atomic response to electric fields. The strength of the sig-
nal can be calculated from observing the distance between
the two separate peaks caused by the electric field [8,9,15].

When the electric field is strong enough, the splitting can
be distinguished in the area called the AT regime. How-
ever, precisely measuring the splitting will be hard when
the electric field is too small to depart from the AT regime
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[8,15]. Under these circumstances, the strength of the elec-
tric field can be monitored by observing the variation of
the probe transmission instead of the splitting. Recently,
photon shot noise (PSN) in the signal readout has been
regarded as the main limiting factor to the performance of
RAEs [16,17]. The PSN of the probe light and the slope of
the readout signal will jointly limit the sensitivity, which
can be determined by [18,19]
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Here, ] is the intensity of the detected field, while € and
Enw represent the absorptive index and the amplitude of
the microwave field, respectively. It is clear that the PSN
scales with the square root of the optical power and that
the slope of the readout signal is proportional to the opti-
cal power, so classically optimized sensors can typically
be improved by increasing the laser power. However, the
laser-induced collision rates and power broadening [16]
will lead to a decrease of the signal slope, which also limits
the laser power. In this scenario, squeezed light holds par-
ticular appeal for applications due to its ability to further
enhance the sensitivity by reducing the PSN with lim-
ited laser power, which has been shown in a number of
applications [20-24].

© 2023 American Physical Society
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In this paper, we study absorptive measurement using a
beam splitter (BS) to mimic the loss in differential detec-
tion and theoretically analyze the characteristics of differ-
ent schemes, e.g., with coherent and squeezed input states.
We then replace the BS with microwave-dressed Rydberg
atoms and study the entanglement-assisted microwave
electrometer. Since quantum light is extremely fragile to
loss, it is necessary to find an operating point that simulta-
neously maintains a relatively high transmittance of probe
light and slope of the observable. We demonstrate that the
variation of the electric field Eyw affects the transmittance
factor € of the probe light and the slope of the observable
synchronously; therefore, the minimal observable is real-
ized by operating at the optimal slope and noise through
engineering the dressed microwave (MW) field and the
light field.

I1. SENSITIVITY OF ABSORPTIVE
MEASUREMENT

A. Sensitivity with classical field

Before introducing entanglement-assisted RAEs, we
start by briefly calculating the sensitivity of absorptive
measurement when coherent light and squeezed light
are employed, respectively. When the coherent state is
employed, absorptive measurement can be achieved by a
topology of differential detection as shown in Fig. 1(a).
A coherent state aq is split into a;, and ZA)in by the vari-
able beam splitter (VBS), with a transmissivity of 7" and
a reflectivity of R. &, acts as the probe light propagating
through a fictitious BS mimicking the absorptive signal
of the optical field with the transmission e ¢ and a, is
the vacuum field induced by the absorptive measurement,
while the beam b;, serves as a reference. The input-output
relations of the coherent state scheme are given by

ot = VTe %Gy + VRe by + /1 — e 2a,,  (2)

i)out = I;in = ﬁi)o - \/E&O: (3)

where T and R are the transmissivity and reflectivity of the
VBS with the condition 7+ R = 1. The observable here is
defined as

A ~

I'= afydiou — Blubou. @)
We then obtain the slope and noise of the observable,
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FIG. 1. A schematic diagram for absorptive measurements
with (a) classical light and (b) squeezed light, where |0) rep-
resents the vacuum state and |o«) represents the coherent state;
a, is the vacuum field induced by the absorption measure-
ment. BS, beam splitter; VBS, variable beam splitter. (c),(d)
The phase-space (X; — X;) representation of the quantum state
of the schematic diagrams shown in (a) and (b), respectively.
The red and blue circles (ellipses) represent the quantum
states of dout (Aqout) and IA)Om(IA)qout), respectively. The black cir-
cle (ellipse) is the quantum state after the differential detec-

tion, with X; =X} —X,;w(;)qout) and X, = P;

Here, X3 = g+ A7 and Pg = i(BT — B), with g €

out (&qout) out (& qout) -

P};out (};qout) :

[aout, aqouta bouts bqout]-

where I; = Ta? denotes the sensing intensity of the
absorptive measurement. According to Eq. (1), the sensi-
tivity can be expressed as
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The optimum sensitivity can be achieved when T = 1
and R = 0, which represents a direct detection scheme in
which all of the coherent state is transmitted to sense the
signal. We then obtain the minimum measurable

1
\/5\/ e_zelsi .

For practical applications, the technical noise from the
laser also limits the sensitivity [16]. A differential measure-
ment, which is commonly used in precision measurement,
can be realized with e 27 = R, where the excess noise
involved in the laser can be cancelled. From Eq. (7), we
find that the sensitivity is restricted by the absorption-
induced loss and slope and that the fundamental limitation
is still PSN originating from the statistical distribution of
the photons.

)

8c€ =

B. Sensitivity with quantum field

We now focus on analyzing the performance of
squeezed light in an absorptive measurement. As is well
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known, squeezed light is difficult to generate with a
large photon flux and is extremely sensitive to loss in an
absorptive measurement. We propose a topology similar
to homodyne detection, in which the sensing intensity can
be boosted by introducing a local oscillator (LO). The
optimum operation condition will be studied to realize
the maximized sensitivity with a precision that beats the
shot-noise limit (SNL).

As shown in Fig. 1(b), we employ a squeezed vacuum
state at the unused port of the VBS to replace the vacuum.
The input-output relation of the squeezer can be expressed
as

qu = cosh r130 + sinh rlA)ge"e, (8)

where 130 is the vacuum state, cosh 7 and sinh r are the gain
factors satisfying cosh?s — sinh?» = 1, r is the squeezing
factor, and 6 is the phase of the squeezer. The squeezed
light is combined with another much stronger LO field at
the VBS to boost the sensing power, since it is exceed-
ingly hard to prepare it with a large photon number. For
the squeezed-light scheme, the input-output relationship
becomes

Ggout = Ve 2Ty + e Rbyy + v/ 1 — e=%a,, (9)

baow = bin = NThyo — v/Rap. (10)

The mode of the LO can be classically represented by |«|
due to the much stronger power compared to squeezed vac-
uum state. We then have the differential intensity between
the two detectors:

A ~ A

]q = agout&qout - bzoutbqout
— [( 1+ e 2)VTRR,, + /Te (1 — e—2e)f(av]
+a’(e*T —R). (11)
Here, X, =0+ 6" with o€ [bg0,ay] is the amplitude
quadrature of the optical modes. Note that the intensity

term a®(e 2T — R) can be cancelled when satisfying the
condition e72¢T = R. We then give the slope and noise as

= —2¢ I, (12)

. 1+ e 2
(8%1,) = [% +1-— e_2i| e *I;,  (13)

where I; = Ta? = a?/(e™%€ 4+ 1) represents the sens-
ing intensity. According to Eq. (1), we give the
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Quantum enhancement Gq

FIG. 2. The quantum enhancement G,: black line, without
absorption; red line, with 10% absorption; blue line, with 50%
absorption. The absorption parameters set here correspond to the
optimal sensitivity of squeezed-light injection with A, = A, =
0 (see details in Sec. IIT). Here, we have labeled the improvement
factor Gy = " = coshr + sinhr.

quantum-enhanced sensitivity of absorptive measurement

as
v (821,)

A
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Compared to classical light with differential detection, we
find that the sensitivity is improved with a factor of

G, = Oc€ _ V2 _ (15)

S.€ —2e
1 —H:z, +1—e2

=2

This improvement is same as the noise reduction orig-
inating from the squeezed-light injection. The quantum
enhancement is maximal when the absorption is very small
(e — 0), indicating an improvement factor of G, = €.

Next, we further analyze the influence of G, on the quan-
tum enhancement G, with A, = A, = 0, which is given
in Fig. 2. The black line shows the quantum enhancement
G, without absorption, which is proportional to G,. The
quantum enhancement G, with 10% and 50% absorption
are shown with the red and blue lines, respectively. The
absorption parameters set here correspond to the optimal
sensitivity of squeezed-light injection in the case of cold
and hot atoms (see details in Sec. III). It is noted that
with the increase of G, the quantum enhancement G, in
both cases tends to be saturated due to the existence of
absorption. Based on this, we choose » = 2.5 to measure
the sensitivity.
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III. PRINCIPLE OF QUANTUM NOISE-LIMITED
ELECTROMETER

In this theory, the RAEs are achieved by cesium (Cs)
atomic vapor with a four-level ladder structure, as shown
in Fig. 3(a). The frequencies of transition from |1) to |2)
and from |2) to |3) are labeled as w,; and ws;, with reso-
nance frequencies of 780 nm and 480 nm, respectively. A
weak probe light field with a frequency of w,, and a strong
coupling light field with a frequency of w, interact to each
transition with a frequency near atomic resonance and the
quantum interference from the two excitation pathways
produces a dark state that creates a transparent window for
the probe light field, termed EIT.

A MW field with a frequency of wyw nearby Rydberg
transition |3) to |4) will reduce the transmitted intensity
of the probe light, which is the physical quantity used to
estimate the strength of the electric field in our strategy.
The Hamiltonian of the system after use of the rotating-
wave approximation can be written as

where the coupling light and the MW field are treated as
classical fields while the weak probe light is quantized.
The probe light is described by slowly varying quan-
tum mechanical operators. A is Planck’s constant. . =
unkE./h and Quw = na3Evw/h are the Rabi frequency
of the coupling light and the MW field, respectively. &
is the atom-probe coupling constant: & = u; e/h, where
wi (i,j =1,2,3,4) is the transition dipole moment from
state |i) to state |j) and ¢ = /hw,/2¢0V is the electric
field of a single photon. V is the quantized volume, a
is the annihilation operator for probe field, and ¢ is the
permittivity in vacuum. A, = w3 — 0., Apmw = W43 —
omw, and A, = @y — w, are the single-photon detun-
ing of coupling light, the MW field, and the probe light,
respectively. The properties of the medium are described
by the collective slowly varying operators o,,(z,f) =
1/N, ZjNi Ll Y vy le=2r k= “averaged over small layers
denoted by their position z containing N. atoms. &, is the
projection of the wave vector of the probe light on the z
axis. To account for decay and dephasing because of spon-
taneous emission, collision, transit-time broadening, etc.,

m 0 S*&T 0 0 - . . . : :
R O* the system is described using the Heisenberg-Langevin
§a Ay 76 0 equations:
H=h Q. Qbpw , ; i
0 B3 A+ A, B _a'lw = —[H, 6'/1\)] + Dy + Fop. (17)
Qmw o h
L 0 0 2 Amw + Ac + AP_ Here, the D,,,, are the terms produced by decay and dephas-
(16)  ing:
J
_ — ., _,
V2022 + Y3033 + V4044 72012 73013 74014
" Y2+ Vs V2t va
—= 012 —Y2022 - 023 - 024
D,y = 2 2 2 %)
" - ~tv) o —sty)
5 731 5 32 V3033 5 34
—Y4 —(y2 + va) —(y3 + va)
i 7641 5 042 > 043 —VY4044 )

in which y; is the spontaneous decay from the states |i) to
|i — 1) and F v 1s the Langevin atomic force.

The differential equation describing the propagation and
temporal evolution of the quantum field operator is

(3 N ci) a0 = iENGLGD,  (19)

at 0z

where A is the atomic density. The Fourier transform of
the quantum operator satisfy the following equation:

1 0, . A
—o—a(w) = xa(w) + Fy,

20
ky, 0z (20)

(

where k, is the wave vector of the probe, x is the suscep-
tibility of the medium dressed by the coupling light and
the MW field. £, = Y ome234 i€ N'B1 . The coefficients
column [Bj,,] is

1 Qmw Qyw +4013104
[Bim] = 3, X —2iQ:T"14
—Q:Qmw

Here, S =T1,(4I"'3M4 + QMWQK/IW) + FMQCQ:, with
Ci=iA, +y2/2,T13 =i(Ap, + A) +y3/2,T14 =iA +
va/2, and A = A;+ Auw + A,. The formula for the
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FIG. 3.

(a) A schematic diagram for the RAEs. a,, vacuum field induced by the absorption measurement; Horn, microwave horn;

MRBS, microwave-dressed Rydberg-atomic beam splitter. The inset shows an energy-level diagram of the RAEs. The subscripts p,
¢, and MW represent the probe, coupling, and the MW field, A,, A, and Ayw are their single-photon detunings, and £2,, 2., and
Qumw indicate their Rabi frequencies. (b) The change in the transmission with the detuning of the coupling field. Here, Af* denotes the
frequency distance between the two peaks and Af o« Emw. (¢) The relation between the transmission and the amplitude of the field
Eyw when A, = A, = 0. The intensity fluctuation represented by the violet shade in (b) and (c) limits the sensitivity in measuring the
electric field Eyw to the shot-noise limit (blue) and the squeezed quantum noise (red).

susceptibility in Rydberg atoms can be expressed as

Qmw e
= iN o | 30y + S0Mw
- Qmw 2}, QF )
€h Tl + MWWy S,
21
The formal integration of the quantum operator is
o = € Py +/1— e 2FDG,,  (22)

where € = —Im(x)k,/ is the absorption index, ¢ =
—Re(x)k,!is the dispersion index, and / is the length of the
atomic medium. a,(f) = fdrﬁ’;l(t)e”/ 1 — e~ 2(etid)t,
With y, > 3 and y, > y4 [15], it is easy to ver-
ify (@, (0) = 0, @y (Da, (7)) = 0, (av(Hay(f)) = 0, (a, (1)
(1)) = 0, and (G, (Nal () = 8(t — ), with D; and D,
(see details in the Appendix). The input-output relation
is consistent with Eq. (2), which denotes an induction of
vacuum field a, in the loss measurement.

From the above, we note that the transmission of the
probe light is a function of the MW field Eyw. Obviously,
the intensity fluctuation and slope simultaneously affect the
sensitivity for measuring the MW field. At a position with
a large slope, we can sensitively measure the MW field by
observing the intensity of the transmitted probe light, as
shown in Figs. 3(b) and 3(c).

IV. SENSITIVITY OPTIMIZATION OF
ELECTROMETER

In this section, we will analyze the optimal operating
point of the RAE:s in the classical-light and squeezed-light
schemes, respectively, and give their best sensitivity. As

we have described above, the maximal quantum enhance-
ment of absorptive detection can be reached when € — 0.
However, the slope |0€/d Enw| from the coupling of the
MW field through AT splitting at this point approaches
zero and is therefore away from the effective application
of quantum enhancement for MW-field measurement. In
order to sensitively measure the weak MW field, it is essen-
tial to find an operating point with a large slope in the
classical scheme, since the noise and slope jointly deter-
mine the sensitivity, as shown in Fig. 3(c). We employ a
dressed MW field EYyy, the frequency of which is reso-
nant with the Rydberg transitions. The dressed MW field
causes the splitting of the transmitted peak, therefore engi-
neering the transmission and the slope of the probe. We
focus on the ability of the system to sense a very weak MW
field $ Eyrw with a dressed MW field EYyy; here we define
a MW field of Emw = Egyy + 8Emw. The sensitivity in
measuring the § Eypw field depends on A, and E](\),[W.

In Figs. 4(a) and 4(b), we compare the performance in
measuring the MW field of cold RAEs by the coherent-
light- and squeezed-light-injection schemes, respectively.
The sensitivity is plotted as a function of the detuning of
the coupling light A, and the strength of the dressed MW
field E; the optimal sensitivity is labeled with a white
circle, where A, =0 and A, =0, and a small dressed
MW field is applied. In order to reveal the difference
between the quantum and classical strategies more clearly,
the evolution of their sensitivity with the dressed MW field
when A, = 0 is shown in Fig. 4(c). The employment of
squeezed light can improve the sensitivity compared with
classical light with different values of Eyw, as shown by
the red and blue lines. In the case of squeezed light, the
optimum sensitivity is 2.1 x 107! V. m~! Hz"'/? with a
dressed field of Egyyy = 1 x 107*V, which gives G, =3
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FIG. 4. The sensitivity with the detuning A, and the amplitude Eyiw of the MW field in the case of (a)(c) cold atoms and (d)—~(f) hot
atoms. (a),(d) Coherent scheme. (b),(e) Squeezed-light scheme. (c),(f) The sensitivity change with the amplitude Eyw for A, = A, =
0. The blue red lines represent the sensitivities of classical-light injection and squeezed light with Te~2¢ = R, respectively. The blue
and red dots denote the optimal sensitivity of the classical light and squeezed light, respectively. The black line with an arrow indicates
the quantum enhancement. Here, the interaction time # = 1 s and we set & = 107, = 2.5. The decay rates of the energy levels, y; = 0,

y2 = 3.2889 x 107
The atomic densities of the cold and hot atomic systems are N =

compared with classical light according to Eq. (15), while
the optimal sensitivity in the classical-light case is 4.1 x
107" V. m~! Hz7'/% at EJ;y, = 2 x 107* V. The noise of
the squeezed light is extremely sensitive to the loss, which
leads to an inconsistency of the optimal-sensitivity points
compared with classical light. We should note that the opti-
mal point is not operated when the probe field is fully
transmitted, because the quantum light is slightly absorbed,
which is the main loss in our scheme. A suitable photon
number o = 107 [25] is chosen here to optimize the sensi-
tivity of the RAEs by balancing the collision rates and the
power broadening due to the increase of the laser power.
Since thermal motion of the atoms is inevitable, Doppler
broadening should be considered when the system runs at
room temperature. Next, we discuss the influence of the
Doppler effect and give the optimal sensitivity in the case
of hot atomic vapor. The atoms in the vapor satisfy the
Maxwell-Boltzmann distribution of velocities,

—Mv?
e 2kpT

27TkBT ’

S )= (23)

s7!, 3 =3.9423 x 10° s7!, and y4, = 2.5806 x 10% s~!, are calculated based on the Cs-atom lifetime parameters.
4.9 x 10!

m3 and N = 4.9 x 10" m™3, respectively.

where M is the mass of the atom, k3 is the Boltzmann con-
stant, v is the velocity, and T is the temperature. The atoms
move with different velocities, leading to a revision of the
detuning:

Ay=Ac—kf V), A=A, +kf (V). (24
Here, k. and «,, are the wave number of the probe and the
coupling light, respectively. By performing velocity inte-
gration, we can obtain the susceptibility under hot-atom
conditions, x (V)pet = fj;o X’(v)f (v) dv. Here, X/(v) rep-
resents the susceptibility when replacing A. and A, in Eq.
(21) with A, and A,

Figures 4(d)>4(f) give the relationship between the
detuning A, the amplitude Eyiw of the MW field, and the
sensitivity of classical-light [Fig. 4(d)] and squeezed-light
[Fig. 4(e)] injection in the case of hot atoms. For hot atoms,
the trend of the sensitivity is consistent with that of cold
atoms. Although the number of hot atoms increases by 3
orders of magnitude relative to the number of cold atoms,
due to the distribution of the velocities, broadening the
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transmission spectrum leads to a smaller slope and greater
absorption, which results in a smaller signal and a decrease
in quantum enhancement, respectively. The overall varia-
tion leads to a worse sensitivity compared with cold atoms.
We have fixed the detuning A, = 0, and changing the
EYy» as shown in Fig. 4(f). The optimal sensitivity of
the RAEs with the classical and squeezed-light injection
is4x 108 Vm'Hz "?and 2.4 x 1078 Vm~! Hz"!/?,
respectively, at about Eyyyy = 6.5 x 1072 V.

V. CONCLUSIONS

In summary, we have investigated an absorptive-
measurement scheme that beats the limitation of the PSN
by employing squeezed light. The quantum enhancement
increases linearly with the gain when there is no absorption
and tends to saturates with the gain when absorption exists.
Loss is the main limitation for the current strategy to fully
utilize the injected quantum resource. Furthermore, we
have studied the entanglement-assisted microwave elec-
trometer in the Rydberg-atomic regime by employing
squeezed light with the absorptive measurement scheme.
The noise squeezing makes it possible to break the bot-
tleneck in which the limited power of the sensing field
restricts the sensitivity due to the laser-induced collision
rates and power broadening in the atomic system. Our
theoretical analysis shows that the quantum advantage
in our strategy can possibly be maintained in absorptive
sensors over a large range of MW-field amplitudes by
optimally choosing the operating parameters of the VBS,
the optical field, and the atomic vapor. Squeezed-light-
assisted RAEs outperform the classical scenario when
the atomic vapor is operated in both the cold and hot
regimes.

Furthermore, we can consider the dispersion that
changes the relative phase [26] of the input laser beam
for quantum-enhanced MW-field sensing through a phase-
sensitive process. The coherence time of the atoms is
related to the power of the probe light. In our model, we
consider the coherence time of the atoms to be the same
for both the coherent-light and squeezed-light scenarios.
Compared to classical light, squeezed light can achieve the
same measurement sensitivity with fewer photons, result-
ing in a smaller power broadening, which means a longer
coherence time. Therefore, taking this into account, the
ultimate quantum enhancement can be further improved.
We note that black-body radiation (BBR) might be an
important factor limiting the sensitivity. At room temper-
ature (T=300 K), the thermal noise level corresponds to
an effective field of 4.8 x 1078 V m~! Hz~!'/2 [27]. Our
results demonstrate that the use of squeezed light enables
better observation of BBR. In cold atomic systems, (7 =
100 wK), the intensity of BBR is extremely weak (below
the order of fV cm~! Hz~!/?); therefore the effect of BBR
is negligible. In this work, we utilize squeezed light as

the probe light, while the coupling light remains classi-
cal, since the power of the coupling light is greater than
that of the probe light. When the power of the coupling
light is comparable to the power of the probe light, the
quantum noise of the coupling light needs to be taken into
consideration. Our research hopefully paves the way for a
promising outlook for quantum light sources in the field
of absorptive measurement and MW-field sensing in the
future.
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APPENDIX A: STEADY STATE

In the zeroth-order perturbation expansion, in which a
goes to zero, the Heisenberg-Langevin equations for the
O11, 022, 033, Oa4, 023, 032, G4, O42, O34, and Gy3 atomic
operators are decoupled. The mean values of these opera-
tors are required for the next-order solution. We assume
the coupling light and MW field to propagate without
depletion, as we have verified numerically. Then, the sub-
set of equations for the mean-value variables (G11), (G22),
(033), (G44), (023), (G32), (024), (G42), (034), and (043) to
be solved in the steady state is written in matrix form as
follows:

(AT)

a
([I]9><9a_t - [Mo]> [Xo] = [Sol,

where [I]gxo is the 9 x 9 identity matrix,

064028-7



SHUHE WU et al.

PHYS. REV. APPLIED 20, 064028 (2023)

[ - v—v - 0 0 0 0 0 0 |
0 " 0 %QC % 0 0 0 0
0 0 —V3 IQTC %Qc 0 0 QI\;W _Q%
—iQe 19% '2A—C‘_ — —iQ
T e eI S 0 0
mo=| 0 =0 a0 mm o
—iQ =B 1%
0 0 0 P 0 - 0 7 0
iQ -8 —iS
0 0 0 0 Sy 0o % 0 2
—inMw —iQZMW —iQmw 0 0 % 0 ——y3—y42—i2AMw 0
i lQlﬁ/lW in%/lW ZQMW 0 0 0 —izgc 0 w_
(A2)
(6117] A
02 0
033 0
) 623 0
[Zo]l=|06%2]|, [So] = 0 (A3)
024 0
Z ~
6 MW
o it
- - - 2 -
where B) =2 + s + 2A. + 2Amw apd Br=v2+ [61 ] i(G — 611)
g/: — i2A. — i2 Apw. The steady-state solution of Eq. (A1) [S11=|653|, [Si]1=¢ i<(§23) . [F1]
614 {024
-5
B ; 12
[(0)] = [Mo]™'[So]. (A4) — |5l (B3)
| F14

APPENDIX B: ATOMIC
HEISENBERG-LANGEVIN EQUATIONS

The first-order solution for the three coherences o5, 013,
and o4 is determined by the following matrix equation:

9 ) o
<[1]3x38—t - [M1]> [21] = [Si]la+ [F1], (B1)
with
- . _ch
o 2 0
—iQ Vs —iQmw
— B i, + A,
M1 3 5 l( D + ) P 5
_i0 _
0 Ll SESEN
2 2
(B2)

Here, [I]3x3 is the 3 x 3 identity matrix. The annihilation
operators are denoted by aand A = A, + A, + Ayw. The

A

Langevin atomic forces [F'] are characterized by the matrix
of their diffusion coefficients, [D;] + [D-], defined as

[D1128(t — 1)8(z — 2) = ([FienllF, )] (B4

[D2128(t — £)8(z — 2) = ([F|_ [Ficol).  (BS)
Langevin diffusion coefficients for the operators can be cal-
culated using the generalized Einstein relation [28]. The
[D:] and [D,] diffusion matrices are given by

v» 0 0 0 0 0
D1: 0)/30,D2:000
0 0 0 0 0

(B6)
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By linearizing Eq. (B1), we derive, for the mean values,

[(S1)] = —[M]7'[S1][(@)] (B7)
and for the Fourier-transformed quantum fluctuations,
[631] = —([M1] + io[l13x3) " [S11[84]
— ([M1] + iw[1353) " [F1]. (B8)

Here, w is the analysis frequency.

APPENDIX C: SELECTION OF COUPLING
INTENSITY

When the coupling-light intensity is relatively low,
it corresponds to a small signal. However, when the
coupling-light intensity is relatively high, the two peaks
of the AT splitting completely separate, which results in
the point A. = A, = 0 being completely insensitive to the
MW field. Therefore, we choose an intermediate value of
Q. = 2 x 107 Hz in the final measurement [8,17].
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