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Detecting a single atom in a cavity using the χ(2) nonlinear medium
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We propose a protocol for detecting a single atom in a cavity with the help of the χ(2) nonlinear
medium. When the χ(2) nonlinear medium is driven by an external laser field, the cavity mode will
be squeezed, and thus one can obtain an exponentially enhanced light-matter coupling. Such a strong
coupling between the atom and the cavity field can significantly change the output photon flux, the
quantum fluctuations, the quantum statistical property, and the photon number distributions of the
cavity field. This provides practical strategies to determine the presence or absence of an atom in
a cavity. The proposed protocol exhibits some advantages, such as controllable squeezing strength
and exponential increase of atom-cavity coupling strength, which make the experimental phenomenon
more obvious. We hope that this protocol can supplement the existing intracavity single-atom detection
protocols and provide a promise for quantum sensing in different quantum systems.
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1 Introduction

Cavity quantum electrodynamics (cavity QED) system [1,
2] is one of the most promising platforms for realizing
quantum information processing. It is mainly used to
study the dynamical behavior of particles (e.g., atoms and
ions) confined to a high-finesse cavity interacting with
photons [1, 2]. Moreover, atoms have the advantages of
high coherence and long lifetime. Therefore, atom-cavity-
coupled systems become an excellent choice for experi-
ments in quantum information and quantum computa-
tion. Studying the interaction between various light fields
and atoms in a cavity is an important research field of
quantum optics [3, 4]. Up to now, many models have been
proposed to study the light-matter coupling, for exam-
ples, the Jaynes-Cummings (JC) model [5, 6], the Tavis-
Cummings (TC) model [7]. Based on these models [5–
7], the interaction of different types of atoms with var-
ious light fields [8–13] has been extensively studied and
many interesting quantum optical phenomena have been
probed, such as vacuum Rabi splitting [14], squeezing
phenomena of optical fields [15–17], single photon block-
ade [18], and so on. Furthermore, many schemes for quan-
tum information and quantum computation using atom-
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cavity-coupled systems have been proposed, for examples,
realizations of quantum gates [19, 20], generations of en-
tangled states [21–28], operations of a quantum phase
gate [29], and others [30–36].

In the above schemes [19–36], one premise of realizing
quantum information and quantum computation using
atom-cavity-coupled systems is to trap atoms in a cav-
ity. Therefore, the ability to nondestructively detect the
presence of atoms in a cavity is very important for quan-
tum information processing. This problem has attracted
considerable attentions. Up to now, there have been pro-
posed several single-atom detection schemes [37–47]. For
instance, detecting atoms in dipole traps using fluores-
cence detections [37, 38], detecting a single atom using
photonic bandgap cavities [39], sensing single atoms in a
cavity using broadband squeezed light [40], qubit measure-
ment by interferometry with parametric amplifiers [41]. In
addition, the enhanced coupling between atoms and pho-
tons inside a high-finesse optical cavity provides a novel
basis for optical measurements that continuously moni-
tor atomic degrees of freedom. The real-time detection of
a single cold atom falling through a high precision op-
tical cavity has been realized [48, 49]. Observing a sin-
gle atom in a blue-detuned intracavity dipole trap, the
blue “funnels” demonstrated in this scheme could effi-
ciently guide an atom to regions of strong atom-cavity
coupling, thereby enhancing the detection efficiency in the
experiments of single-atom detection [50]. However, these
schemes have some drawbacks, for example, at present,
the direct coupling of broadband squeezed vacuum field
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and cavity is hard to realize experimentally [40], and the
squeezed strength is difficult to control, which may hinder
the implementations of the experiment.

To date, the nonlinear media has attracted the attention
of researchers because of their special functions, and has
been widely used in nonlinear optics [51–59]. For example,
it can be used to generate the stimulated Raman scatter-
ing [51, 52], optical parametric oscillations [53], and am-
plifications [54–56, 60]. Moreover, the nonlinear medium
also can be used to observe a variety of nonlinear optical
effects, such as the optical Kerr effect [57] and the stimu-
lated Brillouin scattering [58]. In particular, the χ(2) non-
linear optical medium [59] is commonly used for optical
frequency doubling, mixing, and optical parametric oscil-
lation effects. Recently, χ(2) nonlinear mediums have been
widely used in quantum optics due to their ability to pro-
duce parametric amplification effect [61–68]. Therefore,
in order to avoid the drawbacks of single-atom detection
in a cavity mentioned above [40], using a χ(2) nonlinear
medium to detect the single atom in a cavity may be a
good idea.

In this paper, we propose a scheme for detecting a sin-
gle atom in a cavity using the χ(2) nonlinear medium. The
χ(2) nonlinear medium is driven by an external laser
field to produce a squeezed-light field. This can expo-
nentially enhance the coupling between an atom and a
squeezed-light field, which changes some physical prop-
erties of the system, such as the output photon flux [68],
quantum fluctuations, quantum statistical properties, and
photon number distribution. Therefore, one can determine
whether a single atom is present in the cavity by observ-
ing changes in the physical properties of the system. Note
that our scheme uses parametric amplification to enhance
the coupling strength, whereas Refs. [48–50] vary coupling
strengths by adjusting detunings. Moreover, the squeezing
strength and squeezed-cavity-mode frequency can be ad-
justed by tuning the amplitude of a driving field or the
detuning between cavity field frequency and additional
driving field frequency. Therefore, the scheme may be rel-
atively easy to achieve in the experiment. In a word, the
scheme is feasible to detect a single atom in a cavity us-
ing the χ(2) nonlinear medium, and it has the advantages
of obvious experimental phenomena, low implementation
difficulties, and controllable experimental parameters.

This paper is structured as follows. In Section 2, we de-
scribe the physical model and give the Hamiltonian of the
system. In Section 3, we propose a scheme for detecting a
single atom in a cavity with the help of the χ(2) nonlinear
medium. Finally, the conclusion is given in Section 4.

2 Physical model

As shown in Fig. 1, we consider a cavity QED system
containing a two-level atom, a χ(2) nonlinear medium, and

a single-mode cavity. The atom, with a ground state |g⟩
and an excited state |e⟩, is confined in a single-mode cavity
with frequency ωc. In this cavity QED system, the χ(2)

nonlinear medium is driven by an additional driving field
with frequency ωp, amplitude Ωp, and phase θp, resulting
in a two-photon effect, which is used to squeeze the cavity
mode. The detunings are ∆c = ωc − ωp/2 and ∆A =

ωA − ωp/2, where ωA = ωe − ωg is the atomic transition
frequency.

To be specific, we consider the Hamiltonian of system
in a proper observation frame (hereafter, we set h̄ = 1)

H = ∆Aσee +HAC +HNL,

HAC = g0
(
aσeg + a†σge

)
,

HNL = ∆ca
†a+

1

2
Ωp

[
exp(iθp)a2 + H.c.

]
, (1)

where, HNL is the nonlinear Hamiltonian for degenerate
parametric amplification, HAC is the Hamiltonian of the
atom-cavity coupling, g0 is the coupling strength between
the atom and cavity, a and a† denote the annihilation and
creation operators of cavity field, respectively. The two-
level atom is described by Pauli operator σee = |e⟩ ⟨e| and
transition operators σeg = σ†

ge = |e⟩ ⟨g|, where |g⟩ and
|e⟩ are the ground state and excite state, respectively. In
order to simplify calculating, we assume that θp = 0 in
the following discussions. According to HNL in Eq. (1),
when the χ(2) nonlinear medium is driven, the photons in
the cavity will be produced or annihilated in pairs.

The evolution of the system can be determined by a
master equation in the Lindblad form

Fig. 1 Schematic illustration of a cavity QED system con-
taining a single-mode cavity, a two-level atom, and a χ(2) non-
linear medium. The two-level atom, with a ground state |g⟩
and an excited state |e⟩, is trapped in a single-mode cavity and
coupled to the cavity with an atom-cavity coupling strength g0.
The χ(2) nonlinear medium is strongly pumped at amplitude
Ωp, frequency ωp, and phase θp. Here, γ and κ are the decay
rates of the atom and cavity, respectively.
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ρ̇(t) = i [ρ(t),H]

− 1

2
γ [σeeρ(t)− 2σgeρ(t)σeg + ρ(t)σee]

− 1

2
κ
[
a†aρ(t)− 2aρ(t)a† + ρ(t)a†a

]
, (2)

where, ρ(t) is the density operator, κ is the dissipation
rate of the cavity, and γ is the dissipation rate of the two-
level atom from |e⟩ to |g⟩. When no atom is trapped in
the cavity, the dissipation of the cavity and two-photon
effect leads to the energy level transitions. On the con-
trary, when the atom is trapped in the cavity, atomic
spontaneous emission and atom-cavity coupling will gen-
erate additional transition paths.

When driving the χ(2) nonlinear medium by the addi-
tional driving field Ωp, the bare cavity mode a can be
transformed to a squeezed mode as with the squeezing
parameter (see Appendix A for details)

r =
1

4
ln

(
∆c +Ωp

∆c − Ωp

)
. (3)

As a result, the nonlinear Hamiltonian HNL in Eq. (1) is
diagonalized as

HNLS = ωsa
†
sas, (4)

by the Bogoliubov squeezing transformation [4]

as = cosh(r)a+ sinh(r)a†, (5)

where ωs =
√
∆2

c − Ω2
p is a controllable squeezed-cavity-

mode frequency, which depends on the detuning ∆c =
ωc−ωp/2 and the amplitude Ωp. After substituting Eq. (5)
into Eq. (1), the Hamiltonian HACS of the interaction be-
tween the atom and the squeezed cavity mode becomes

HACS =
(
gsas − g′sa

†
s

)
σeg +

(
gsa

†
s − g′∗s as

)
σge, (6)

where gs = g0 cosh(r) and g′s = g0 sinh(r). When
|g′s|/(ωs + ∆A) ≪ 1 and ωs = ∆A, the counter-rotating
terms of Eq. (6) can be neglected by the rotating-wave
approximation. As a consequence, HACS can be rewritten
as

H ′
ACS = gs

(
asσeg + a†sσge

)
. (7)

As shown in Fig. 2, when r ≥ 1, the blue dashed curve and
the red dotted curve are basically identical, that is, the
coupling strength gs between the atom and the squeezed
cavity mode increases exponentially with increasing the
squeezing parameter r,

gs
g0

= cosh(r) ∼ 1

2
exp(r). (8)

This exponential enhancement is explained by the fact
that the parameter drive changes the eigenstates of the

Fig. 2 The enhance ratio gs/g0 of atomic-cavity coupling
strength versus the squeezing parameter r. The blue dashed
curve and the red dotted curve denote gs/g0 = cosh(r) and
gs/g0 ∼ 1

2
exp(r) of the enhancement ratio gs/g0, respectively.

cavity Hamiltonian and the photon is squeezed into a
squeezed photon with amplified fluctuations, resulting in
greater interaction with the atom [12, 62]. Furthermore,
this enhancement is not equivalent to simply injecting
squeezed light into the cavity without changing the Hamil-
tonian of the system. Similar approaches have been used
to improve the light-matter interactions and cooperativ-
ity of cavity QED systems [61–65] or optomechanical sys-
tems [66–68].

Based on the above analysis, the Hamiltonian H of the
system in Eq. (1) in the squeezed frame can be expressed
as

Hs = ∆Aσee + ωsa
†
sas + gs

(
asσeg + a†sσge

)
. (9)

By contrast, when no atoms are present in the cavity, the
Hamiltonian of the system in the squeezed frame is HNLS.

In the squeezed frame, the master equation that deter-
mines the evolution of the system is expressed as

ρ̇s(t) = i [ρs(t),Hs]

− γ

2
[σeeρs(t)− 2σgeρs(t)σeg + ρs(t)σee]

− κ

2
(Ns+1)

[
a†sasρs(t)−2asρs(t)a†s+ρs(t)a†sas

]
− κ

2
Ns

[
asa

†
sρs(t)− 2a†sρs(t)as + ρs(t)asa

†
s

]
+

κ

2
Ms

[
a2sρs(t)− 2asρs(t)as + ρs(t)a

2
s

]
+

κ

2
M∗

s

[
a†2s ρs(t)− 2a†sρs(t)a

†
s + ρs(t)a

†2
s

]
,

(10)

where,

Ns = sinh2(r),

Ms = cosh(r) sinh(r), (11)

describe thermal noise and two-photon correlations intro-
duced into the cavity by squeezing, respectively.
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Fig. 3 The energy level structures and the transition path-
ways for (a) the empty cavity and (b) the single-atom-cavity
QED system, within the squeezed frame. Here, |ns⟩ (n =
1, 2, · · · , N) represents that there are n squeezed photons in
the squeezed cavity field and the symbol “ ··

· ” represents the
higher energy levels.

For the sake of clearness, in the following sections, we
will refer to the cases of the presence and the absence of
an atom in the cavity as the single-atom-cavity QED sys-
tem and the empty cavity, respectively. In the squeezed
frame, the energy level structures and the transition paths
of the empty cavity and the single-atom-cavity QED sys-
tem [69], are shown in Fig. 3. That is, when no atom is
trapped in the cavity, the energy level transitions are gen-
erated by the dissipation of the cavity and the thermal
noise and two-photon correlation, see Fig. 3(a). Here, the
thermal noise and two-photon correlation are caused by
squeezing. On the contrary, when the atom is trapped
in the cavity, the atomic spontaneous emission and the
atom-cavity coupling will generate additional transition
paths, see Fig. 3(b).

According to the above analysis, the next section will
present in details how to detect a single atom in a cavity
using the χ(2) nonlinear medium.

3 Detecting a single atom in the cavity

In this section, we discuss how to detect a single atom
in a cavity with two-photon driving and the χ(2) non-
linear medium. We first study the dynamical evolution
of the single-atom-cavity QED system with the squeezed
frame. Assuming that the cavity mode is initially in the
squeezed-vacuum state |0s⟩ and the atom is initially in
the ground state |g⟩. Here, |0s⟩ is a superposition of only
even-photon number states [4, 70],

|0s⟩ =
1√

cosh r

∞∑
n=0

(−1)n
√
(2n)!

2nn!
(tanh r)n |2n⟩ . (12)

In Fig. 4, we plot the time evolution of the mean pho-
ton number ⟨a†sas⟩ and the quantum fluctuations

∣∣⟨a2s⟩∣∣ of
the single-atom-cavity QED system in the squeezed frame.
We find that the mean squeezed-photon number ⟨a†sas⟩
and the quantum fluctuations

∣∣⟨a2s⟩∣∣ vary with time and

Fig. 4 The time evolutions of (a) the mean photon num-
ber ⟨a†

sas⟩ and (b) the quantum fluctuations
∣∣⟨a2

s⟩
∣∣ of the

single-atom-cavity QED system for squeezing strength r =
0.4, 0.8, 1.2, within the squeezed frame. Here, the initial
state is assumed to be |g, 0s⟩. Furthermore, we assume that
g0 = 5κ and γ/κ = 1.

then gradually approach the stationary values. In the fol-
lowing, the study will be carried out based on the steady-
state [71], and we will denote the steady-state mean by
⟨o⟩s̄s, where the subscript “s̄s” denotes the “steady-state”.

In Fig. 5, we plot the mean photon number ⟨a†sas⟩s̄s
and the quantum fluctuations

∣∣⟨a2s⟩s̄s∣∣ as a function of the
squeezing parameter r, referring to Ref. [40]. We can see
from Fig. 5(a) that, the mean photon number ⟨a†sas⟩s̄s
in the squeezed cavity increases with the increase of the
squeezing parameter r. The mean photon number ⟨a†sas⟩s̄s
of the single-atom-cavity QED system is going to be less
than that of the empty cavity. This could be explained by
the fact that the atom-cavity coupling and atomic dissipa-
tion generate additional transition pathways, as shown in
Fig. 3. For a single-atom-cavity QED system, two photons
are produced by squeezed light. One of them is absorbed
for the transition of energy levels, while the other is ra-
diated out of the cavity by the spontaneous emission of
the atom. In Fig. 5(b), we can see that the quantum fluc-
tuations

∣∣⟨a2s⟩s̄s∣∣ of the single-atom-cavity QED system
are much smaller than that of the empty cavity, because

Fig. 5 (a) The mean photon number ⟨a†
sas⟩s̄s versus squeez-

ing strength r in the squeezed frame, calculated from the mas-
ter equation in Eq. (10). (b) The quantum fluctuations

∣∣⟨a2
s⟩s̄s

∣∣
versus squeezing strength r in the squeezed frame. Here, the
initial state is assumed to be |g, 0s⟩. Furthermore, we assume
that g0 = 5κ and γ/κ = 1.
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the quantum fluctuations are suppressed by atomic exci-
tations.

For convenience, following discussions will focus on the
laboratory frame. Having obtained the mean photon num-
ber ⟨a†sas⟩s̄s and the quantum fluctuations

∣∣⟨a2s⟩s̄s∣∣ in
the squeezed frame, according to the Bogoliubov trans-
formation, we can calculate the steady-state intracavity
mean photon number ⟨a†a⟩s̄s and the quantum fluctua-
tions

∣∣⟨a2⟩s̄s∣∣ in the laboratory frame,

⟨a†a⟩s̄s = sinh2 r+⟨a†sas⟩s̄s cosh(2r)−Re[⟨a2s⟩s̄s] sinh(2r),∣∣⟨a2⟩s̄s∣∣ = ∣∣ sinh2 r ⟨a†2s ⟩s̄s + cosh2 r ⟨a2s⟩s̄s
−⟨a†sas⟩s̄s sinh(2r)− sinh r cosh r

∣∣. (13)

According to the input-output relationship [68, 72], the
output photon flux is

Φout = κ ⟨a†a⟩s̄s . (14)

On the basis of Eqs. (13) and (14), we plot the output
photon flux Φout and the quantum fluctuations

∣∣⟨a2⟩s̄s∣∣
versus squeezing strength r in the laboratory frame in
Figs. 6(a) and (b), respectively. We can see from Figs. 6(a)
and (b) that with the increase of the squeezing strength
r, the output photon flux Φout and the quantum fluc-
tuations

∣∣⟨a2⟩s̄s∣∣ of the single-atom-cavity QED system
are different from those of the empty cavity. The output
photon flux Φout and the quantum fluctuations

∣∣⟨a2⟩s̄s∣∣
of the empty cavity slightly grow as the squeezing pa-
rameter r increases (see the blue solid curve). While the
output photon flux Φout and the quantum fluctuations∣∣⟨a2⟩s̄s∣∣ of the single-atom-cavity QED system rapidly in-
crease with r increasing (see the green dashed curve and
the red dotted curve). In particular, when r > 1, the
output photon flux Φout and the quantum fluctuations∣∣⟨a2⟩s̄s∣∣ of the single-atom-cavity QED system are signif-
icantly different from those of the empty cavity. The dif-
ference between the output photon flux Φout (the quan-

Fig. 6 (a) The output photon flux Φout and (b) the quan-
tum fluctuations

∣∣⟨a2⟩s̄s
∣∣ versus squeezing strength r in the

laboratory frame. The blue solid curve represents the case of
the empty cavity. The green dashed curve and the red dotted
curve denote the cases of the single-atom-cavity QED system
with coupling strengths g0 = 2κ and g0 = 5κ, respectively.

tum fluctuations
∣∣⟨a2⟩s̄s∣∣) of the single-atom cavity QED

system and the output photon flux Φout (the quantum
fluctuations

∣∣⟨a2⟩s̄s∣∣) of the cavity is larger than that in
Ref. [40]. Therefore, we believe that the present scheme
is easier to determine whether or not there is an atom in
the cavity than Ref. [40]. That is to say, the experimental
phenomena of the present scheme are more obvious than
those of Ref. [40]. Furthermore, as demonstrated by the
green dashed curve and the red dotted curve, the atom-
cavity coupling strength has a significant influence on the
output photon flux Φout and the quantum fluctuations∣∣⟨a2⟩s̄s∣∣. That is, the greater the coupling strength g0 is,
the greater the output photon flux Φout and the quantum
fluctuations

∣∣⟨a2⟩s̄s∣∣ are.
In a word, the coupling between the atom and the cav-

ity has significant effects on the output photon flux Φout
and the quantum fluctuations

∣∣⟨a2⟩s̄s∣∣. Moreover, such
an effect is significant and can be observed experimen-
tally. Therefore, such an output photon flux Φout and
the quantum fluctuations

∣∣⟨a2⟩s̄s∣∣ possess valuable appli-
cations in detecting whether a single atom is in the cavity
or not, which is one of the important results of the scheme.

Apart from the output photon flux Φout and the quan-
tum fluctuations

∣∣⟨a2⟩s̄s∣∣, the photon probability distri-
butions of the empty cavity and the single-atom-cavity
QED system are also the object of our study. The pho-
ton probability distributions of the empty cavity and
the single-atom-cavity QED system for different values of
squeezed Fock state n and squeezed strength r are given in
Figs. 7(a) and (b), respectively. We can see from Fig. 7(a)
that when there is no atom in the cavity, photons are
mainly distributed in the even squeezed Fock states. This
is because the χ(2) nonlinear medium driven by an exter-
nal driving field produces a two-photon effect, resulting
in the formation or annihilation of photons in pairs in the
cavity. By comparing Figs. 7(a) and (b), one can find that
the photon distribution of the odd squeezed Fock states
increases obviously when the atom is trapped in the cav-
ity, which is caused by the cavity-atom coupling and the
spontaneous emission of the atom. As shown in Fig. 8,
when the squeezed strength r is constant, the difference
between the photon probability distribution of the empty
cavity and that of the single-atom-cavity QED system is
especially obvious. In other words, the photon probability
distribution of the empty cavity shows a trend of oscilla-
tion with the increase of n, while the photon probability
distribution of the single-atom-cavity QED system shows
a trend of slow decrease with the increase of n. Therefore,
the photon probability distribution can be used as one of
the criteria to determine whether an atom is successfully
trapped inside the cavity or not. Note that the sum of
photon distribution probability is bound by 1. Because
the highly excited states |n > 10⟩s of the squeezed cav-
ity mode are mostly unexcited, we have ignored them in
Figs. 7 and 8.
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Fig. 7 Photon distribution Pn for different values of n and
squeezed strength r in the laboratory frame. Figures (a) and
(b) represent the photon distribution probability of the empty
cavity and the single-atom-cavity QED system, respectively.
Here, the parameters are g0 = 2κ and κ = 5γ. In addition, n
represents the nth squeezed Fock state Ŝ |n⟩.

The coupling between atom and cavity also has a
significant effect on the quantum statistical properties
of the system. We use the Wigner function W (α) =

(2/π)Tr[D(α)(−1)a
†aD†(α)ρ] [73] of the cavity field to

characterize the quantum statistical properties of the sys-

Fig. 8 Photon distribution in the laboratory frame. The
red and blue bars represent the photon distribution of empty
cavity and single-atom-cavity QED system, respectively. The
parameters are g0 = 2κ, κ = 5γ, and r = 1.2. Here, n repre-
sents the nth squeezed Fock state Ŝ |n⟩.

Fig. 9 Figures (a) and (b) show the Wigner function of
the cavity fields in the laboratory frame of the empty cavity
and the single-atom-cavity QED system, respectively. Here, we
assume that g0 = 5κ, r = 1, and γ/κ = 1. x and p represent
the real and imaginary parts of the coherent state, respectively.

tem [40]. In the laboratory frame, the Wigner function is
calculated from the solution of Eq. (2). Figures 9(a) and
(b) show the Wigner function of the empty cavity and the
single-atom-cavity QED system, respectively. As shown
in Fig. 9(a), for the empty cavity, when the χ(2) nonlin-
ear medium is driven by the additional driving field, the
two-photon effect comes into being and acts on the state
to create some sort of squeezed states [74]. The Wigner
function of the empty cavity is suppressed in one direction,
which means that the cavity mode is squeezed. Further-
more, the Wigner function of the single-atom-cavity QED
system is shown in Fig. 9(b). This can be interpreted
as the excitation and spontaneous emission of atoms pre-
venting the generation of a squeezed field. Compared with
the case of the empty cavity, it is clear that the presence
of an atom significantly changes the Wigner function of
system in the laboratory frame. As a consequence, the
Wigner function of the cavity can be used as a signal to
determine the existence of atoms.

4 Conclusion

In this paper, a protocol for detecting a single atom in
a cavity using the χ(2) nonlinear medium is proposed.
Because the χ(2) nonlinear medium is driven by an ex-
ternal laser field, the cavity mode will be squeezed, and
the coupling between the atom and the squeezed cavity
mode is exponentially enhanced. Compared with the cases
of the empty cavity, the output photon flux, quantum
fluctuations, quantum statistical properties, and photon
number distribution of the single-atom-cavity QED sys-
tem are significantly affected by the atom and the χ(2)

nonlinear medium. Moreover, the greater the coupling
strength between the atom and the cavity, the more ob-
vious the effect is. These allow to determinately sense
an atom in a cavity. The proposed protocol possesses
many advantages, such as controllable squeezing strength
and squeezed-cavity-mode frequency, and exponential en-
hancement of atom-cavity coupling strength. In addition,
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using nonlinear medium to produce squeezed light has
been realized experimentally [75–78]. Experimentally, a
parametric gain of 10 log10 [exp(2r)] ∼ 20 dB (correspond-
ing to r ∼ 2.3) has been achieved [79], and ∼ 30 dB has
also been predicted under experimentally feasible condi-
tions [80–82]. Our protocol is a supplement to the existing
single atom detection protocols in cavities, and we hope it
can be promissing for atomic detection in other quantum
systems.
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Appendix A: Derivation of squeezing parameter

The detailed derivation of squeezing parameter Eq. (3)
is as follows. After substituting the Bogoliubov squeez-
ing transformation Eq. (5) into the nonlinear Hamiltonian
HNL in Eq. (1) for degenerate parametric amplification,
the nonlinear Hamiltonian HNLS in squeezed frame be-
comes

HNLS = ∆c[cosh2(r)a†sas − sinh(r) cosh(r)e−iθpa†2s

− sinh(r) cosh(r)eiθpa2s + sinh2(r)asa
†
s]

+
1

2
Ωp

[
cosh2(r)eiθpa2s − sinh(r) cosh(r)asa†s

− sinh(r) cosh(r)a†sas + sinh2(r)e−iθpa†2s

+ H.c.
]
. (A1)

According to commutation relation [as, a
†
s] = 1, we can

get

HNLS = ∆c

[
cosh2(r)a†sas − sinh(r) cosh(r)e−iθpa†2s

− sinh(r) cosh(r)eiθpa2s + sinh2(r)a†sas

+ sinh2(r)
]
+

1

2
Ωp

[
cosh2(r)eiθpa2s

− sinh(r) cosh(r)a†sas − sinh(r) cosh(r)

− sinh(r) cosh(r)a†sas + sinh2(r)e−iθpa†2s

+ H.c.
]
. (A2)

To diagonalize HNLS, the following conditions need to be
met

∆c[cosh2(r) + sinh2(r)]− 2Ωp sinh(r) cosh(r) = ωs,

1

2
Ωp[sinh2(r) + cosh2(r)]−∆c sinh(r) cosh(r) = 0.

(A3)

So by using the double angle formula, we can simplify
Eq. (A3) to get

∆c cosh(2r)− Ωp sinh(2r) = ωs, (A4)
−∆c sinh(2r) + Ωp cosh(2r) = 0. (A5)

After substituting the exponential form of hyperbolic
function into Eqs. (A4) and (A5), we can obtain

∆c(e2r + e−2r)− Ωp(e2r − e−2r) = 2ωs, (A6)

∆c(e2r − e−2r)− Ωp(e2r + e−2r) = 0. (A7)

From Eqs. (A6) and (A7), we can derive

r =
1

4
ln

(
Ωp +∆c

Ωp −∆c

)
, (A8)

ωs =
√
∆2

c − Ω2
p. (A9)
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