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Interaction-free all-optical switching at low light intensities in a multiatom cavity-QED system
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We propose a scheme of the interaction-free all-optical switching in a multiatom cavity-QED system consisting
of three-level atoms confined in a cavity and coupled by a free-space control laser. A signal laser field is coupled
into the cavity and its transmission through and reflection from the cavity form two output channels. We show that
the free-space control laser induces destructive quantum interference in the excitation of the atom-cavity normal
mode, which can be used to switch on or off the output signal light of the reflection and the transmission channels.
When the control light is coupled to the atoms, the input signal light is nearly totally reflected and this means that
there is no direct coupling of the control light and the signal light through the cavity-confined atoms. We present
analytical and numerical calculations that show that this type of the interaction-free all-optical switching in the
coupled cavity-atom system can be realized with high switching efficiencies and at low light intensities.
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I. INTRODUCTION

Optical devices based on light-controlling light are impor-
tant for applications in optical communications and quantum
information networks. One aspect of light-controlling light is
all-optical switching, in which a signal light field is switched
on or off by a control light field, which has attracted a lot of
attention in recent years [1–16]. All-optical switching relies on
the large optical nonlinearities induced in an optical medium
by the coupling of the signal light and control light. The switch-
ing efficiency is limited by the achievable optical nonlinearities
and the photon loss due to absorption or scattering. In order to
operate an all-optical switch at low light levels down to single
photons, it is necessary to generate large optical nonlinearities
and eliminate the photon loss in an optical medium coupled
by the signal light and the control light. Recently, schemes of
interaction-free all-optical switching have been proposed and
analyzed [17–19]. In these schemes, it is possible to eliminate
the direct coupling of the signal light to the control light and
suppress the signal photon loss in the absorbing medium.
Several experimental demonstrations of the interaction-free
all-optical switching based on the second-order χ (2) optical
nonlinearities have been reported under conditions of moderate
to high light intensities [20,21].

Here we propose a scheme of the interaction-free all-optical
switching that is based on the quantum interference effect
and can be operated at low light intensities. The model
system consists of multiple three-level atoms confined in an
optical cavity. A weak signal light is coupled into one of
the two normal modes of the multiatom cavity-QED system
and a weak control light is coupled to the cavity-confined
atoms from free space. The control light is tuned to the
resonant frequency of the normal mode and induces destructive
interference that suppresses the normal-mode excitation from
the signal light [22–24]. We show that by turning on or
off the control light, the reflected signal light from the
cavity and the transmitted signal light through the cavity
are switched on or off. Thus the cavity-atom system can be
used to realize all-optical switching of the signal light by the

control light with two output channels: the reflected signal
channel and the transmitted signal channel. Specifically, when
the control light is off, the normal mode is excited and the
transmitted light is at the maximum (the transmission channel
is closed) and the reflected light is suppressed (the reflection
channel is open); when the control light is turned on, the
transmitted light is suppressed (the transmission channel is
open) and the reflected light is at the maximum (the reflection
channel is closed). The reflection channel and the transmission
channel are complementary and offer versatile applications.
When the control light is present, the destructive interference
is induced and the intracavity light is suppressed, so the
input signal light is prevented from coupling into the cavity.
Correspondingly, there is no direct coupling between the
control light and the signal light, fulfilling the requirement of
the interaction-free criterion. Since the destructive interference
suppresses the intracavity light absorption, the all-optical
switching in the cavity-atom system can be realized at low
control light intensities for ultraweak signal light.

We studied the transmission channel for the application
of the cavity-atom system in all-optical switching and cross-
phase modulation at low light intensities in earlier reports
[22–24]. Here we show that the cavity-atom system is versatile
and can be used as a two-channel switch with reflection
and transmission as complementary channels. We point out
the important interaction-free characteristics of the system
and derive full analytical results that quantify the all-optical
switching performance. Our analysis indicates that under
normal operating conditions, the reflection channel has higher
switching efficiencies than the transmission channel. Further-
more, we quantify the frequency bandwidth and switching time
of the interaction-free all-optical switching in the cavity-atom
system and present calculations of the time evolution of the
reflection and transmission channels of an input signal pulse.

We note that the proposed scheme for the interaction-
free all-optical switching is different from the scheme
based on the cavity electromagnetically induced transparency
(EIT) [25–29], in which either cavity-confined three-level
atoms coupled by two laser fields (the signal and the control) or
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cavity confined four-level atoms coupled by three laser fields
are used as the nonlinear media [10,30–32]. Even though our
scheme uses a configuration similar to the cavity EIT scheme
based on three-level atoms coupled by two laser fields, there are
essential differences between the two schemes. In the cavity
EIT scheme [31], the signal field and the control field are both
resonant with the respective atomic transitions (�p = � = 0).
When the control field (at � = 0) is present, the signal field
(at �p = 0) is transmitted through the cavity while the signal
reflection from the cavity is minimized. Both the signal field
and the control field interact simultaneously with the atoms
and are directly coupled. Therefore, the scheme based on the
three-level cavity EIT system is not interaction free.

In the following, we derive analytical results and present
numerical calculations that characterize the performance of the
all-optical switching in the multiatom cavity QED system and
quantify the efficiency of the all-optical switching versus the
system parameters such as the ground-state decoherence, the
control light intensity, and the number of atoms in the cavity
mode. Then we present an analysis of the frequency bandwidth
and switching time of the coupled cavity-atom system.

II. THEORETICAL MODEL AND EQUATIONS

Figure 1(a) shows the schematic diagram for all-optical
switching based on a composite atom-cavity system that
consists of a single mode cavity containing N �-type three-
level atoms interacting with a control laser from free space.
The cavity mode couples the atomic transition |1〉 − |3〉 and
a classical control laser drives the atomic transition |2〉 − |3〉
with Rabi frequency 2�. � = ν − ν23 is the control frequency

detuning and �c = νc − ν13 is the cavity-atom detuning. A
signal laser is coupled into the cavity mode and its frequency
is detuned from the atomic transition |1〉 − |3〉 by �p =
νp − ν13. Figure 1(b) shows the schematic diagram of the
input-output channels. The input signal light is coupled into
the cavity and results in two output channels: the reflected
signal light from the cavity and the transmitted signal light
though the cavity. The states of the two output channels are
controlled by the free-space control light. The detailed output
states are depicted in Fig. 1(c). It will be shown that under
ideal conditions, when the control light is absent, there is
output signal light from the transmission channel, but no light
from the reflection channel; when the control light is on, the
signal light cannot be coupled into the cavity, the output is
switched to the reflection channel, and there is no output light
from the transmission channel. Therefore, the signal light and
the control light do not interact with the atoms simultaneously
and the interaction-free requirement is satisfied.

The interaction Hamiltonian for the coupled cavity-atom
system is

H = −�

(
N∑

i=1

�σ̂
(i)
32 +

N∑
i=1

gâσ̂
(i)
31

)
+ H.c., (1)

where σ̂
(i)
lm (l, m = 1–3) is the atomic operator for the ith atom,

g = μ13
√

ωc/2�ε0V is the cavity-atom coupling coefficient,
and â is the annihilation operator of the cavity photons.
Assuming the equal coupling strength and uniform light fields
for the N identical atoms inside the cavity, the resulting
equations of motion for σ̂

(i)
lm = σ̂lm and the intracavity light

FIG. 1. (Color online) (a) Schematic diagram of the interaction-free all-optical switching in a coupled atom-cavity system. A signal laser
is coupled into the cavity, and the transmitted signal light and the reflected signal light are collected by two detectors. A control laser is
coupled to the cavity-confined atoms from free space and controls the states of the transmitted signal light and the reflected signal light.
(b) Schematic diagram of the light input and output channels. (c) Outcome of the all-optical switching operation. When there is no control
light, the transmission channel is closed and the reflection channel is open; when the control light is present, the transmission channel is open
and the reflection channel is closed. During the switch operation, there is no direct coupling between the control light and the input signal light.
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field (two-sided cavity, one input) are given by [33]

σ̇11 = γ31σ33 + igaσ31 − iga+σ13, (2a)

σ̇22 = γ32σ33 + i�σ32 − i�∗σ23, (2b)

σ̇33 = −(γ31 + γ32)σ33 − igaσ31 + iga+σ13

− i�σ32 + i�∗σ23, (2c)

σ̇12 = −[γ21 + i(�p − �)]σ12 − i�∗σ13 + igaσ32, (2d)

σ̇13 = −
(

γ31 + γ32

2
+ i�p

)
σ13

+ iga(σ33 − σ11) − i�σ12, (2e)

σ̇23 = −
(

γ31 + γ32

2
+ i�

)
σ23 + i�(σ33 − σ22) − igaσ21,

(2f)

ȧ = −[(κ1 + κ2)/2 + i(�c − �p)]a + igNσ31

+
√

κ1/τain
p , (2g)

where ain
p is the input signal field, κi = Ti

τ
(i = 1–2) is the

loss rate of the cavity field on the mirror i (Ti is the mirror
transmission and τ is the photon round-trip time inside the
cavity). We consider γ31 = γ32 = 3 (3 is the decay rate of
the excited state |3〉) and a symmetric cavity such that κ1 =
κ2 = κ . γ12 is the decoherence rate between the ground states
|1〉 and |2〉. We are interested in the parameter regime near
the normal-mode resonance in which the laser fields are near
or at resonance with the normal-mode transitions, and under
the conditions of low light intensities in which the intracavity
field is very weak and the control field is below the saturation
level. It then can be shown that a weak control light induces
the destructive quantum interference in the normal-mode
excitation [22], which can be used to control the amplitude
of the cavity transmitted and the cavity reflected signal field.
The primary control parameters of the cavity-atom system
for the interaction-free all-optical switching are the frequency
and intensity of the control laser that are characterized by the
control detuning � and control Rabi frequency � respectively.

III. RESULTS

We consider situations where the cavity is tuned on
resonance with the atomic transition (�c = 0) and g � �

such that the atomic population is concentrated in |1〉. Then the
steady-state solution of the intracavity probe field is given by

a =
√

κ/τain
p

κ + i(�c − �p) − iχ
, (3)

where χ is the atomic susceptibility given by
χ = ig2N

3−i�p+ �2

γ12−i(�p−�)

. The reflected signal field from

the cavity is given by aR = √
κτa − ain

p and the transmitted
signal field through the cavity is given by aT = √

κτa. In order
to show that the control field induces destructive interference
in the normal-mode excitation of the intracavity signal light,
we first present the calculated reflection spectra and the
transmission spectra of the signal light versus the signal
frequency detuning without and with the control laser field.
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FIG. 2. (Color online) (a) The reflected signal intensity (IR/Iin)
and (b) the transmitted signal intensity (IT /Iin) vs the signal frequency
detuning �p/3 when the control laser is absent (� = 0). (c) IR/Iin

and (d) IT /Iin vs �p/3 when the control laser is present and its
frequency is tuned to � = g

√
N (solid black line: � = 0.23; dotted

red line: � = 0.53, and dashed blue line: � = 3). The insets show
the expanded view across the normal-mode resonance �p = g

√
N =

163. The other parameters are κ = 23, γ12 = 0.0013, and �c = 0.

Figure 2(a) plots the reflected signal light intensity IR = aRa∗
R

normalized by the input signal intensity Iin = ain
p (ain

p )∗ and
Fig. 2(b) plots the transmitted signal light intensity IT = aT a∗

T

normalized by Iin versus the normalized signal laser detuning
�p/3 without the control laser (� = 0). The two peaks
in the transmitted signal spectrum represent the two normal
modes separated in frequency by the vacuum Rabi frequency
2g

√
N [34–37]. Concomitantly, the reflected signal light

exhibits two dips at the resonance of the two normal modes.
Figures 2(c) and 2(d) plot the reflection spectra and
transmission spectra when the control laser is present (� � 0)
and its frequency is tuned to the normal-mode resonance (� =
g
√

N ). The spectra show that at the normal-mode resonance
(�p = g

√
N ), the transmitted signal is suppressed while the

reflected signal light is maximized. The narrow spectral peak
for the reflected signal light and the narrow spectra dip for the
transmitted signal light show that the control laser field induces
destructive interference at �p = g

√
N for the normal-mode

excitation from the signal laser. At �p = g
√

N , the signal
light transmission through the cavity is suppressed and the
signal light is essentially totally reflected from the cavity.
Therefore, the control laser can be used to turn on or turn off
the signal light transmission and the signal light reflection,
and the coupled atom-cavity system can be used to perform
all-optical switching on a weak signal light by a weak control
light. When the control laser is coupled to the cavity-confined
atoms, the signal light cannot be coupled into the cavity and is
therefore reflected from the cavity. The all-optical switching
is performed without the direct coupling between the control
light and the signal light, and is therefore interaction free.

Next we derive analytical results for the reflected sig-
nal field and the transmitted signal field, and analyze the
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interaction-free all-optical switching characteristics of the
cavity-atom system. Under the normal-mode resonance condi-
tion for both the signal laser and the control laser (� = �p =
g
√

N ), the reflected signal field is

aR = ig
√

N (γ213 + �2)ain
p

κ(�2 + γ213) − ig
√

N (γ21κ + γ213 + �2)
. (4)

The intensity of the reflected signal light is then

IR = g2N (�2 + γ213)2Iin

κ2(�2 + γ213)2 + g2N (γ21κ + γ213 + �2)2
. (5)

The performance of an optical switch can be characterized
by the switching efficiency defined as η = I (|1〉)−I (|0〉)

Iin
, where

I (|1〉) is the signal output intensity when the switch is closed,
I (|0〉) is the signal output intensity (leakage) when the switch
is open [I (|1〉) > I (|0〉)], and Iin is the input signal intensity.
Equation (5) indicates that IR(� �= 0) > IR(� = 0). So for
the all-optical switching operating on the reflection output
channel, we designate IR(� = 0) = IR(|0〉) for the open state
|0〉 of the switch and IR(� �= 0) = IR(|1〉) for the closed
state |1〉 of the switch. Then the switching efficiency for the
reflection output channel is

ηR = IR(|1〉) − IR(|0〉)
Iin

= g2N (�2 + γ213)2

κ2(�2 + γ213)2 + g2N (γ21κ + γ213 + �2)2
− g2N2

3

κ22
3 + g2N (κ + 3)2

. (6)

For an ideal switch, the switching efficiency η = 1. Assum-
ing strong collective atom-cavity coupling (g

√
N � κ , �, and

3), the reflected signal intensity is IR(|0〉) = IR(� = 0) ≈
2

3Iin

(κ+3)2 and IR(|1〉) = IR(� �= 0) ≈ (�2+γ213)2Iin

(γ21κ+γ213+�2)2 . IR(|1〉)
decreases as γ21 increases so the switching efficiency decreases
with increasing γ21. Usually γ21 is small (γ21 � κ and 3). If
it can be neglected (γ21 = 0), then the switching efficiency
becomes ηR = κ2+2κ3

(κ+3)2 , which indicates that the efficient
operation of the all-optical switch in the reflection mode
requires a cavity with a decay rate κ > 3.

Next we discuss the all-optical switching with the transmis-
sion output channel. The signal light field transmitted through
the cavity is derived as

aT = κ(�2 + γ213 − ig
√

Nγ21)ain
p

κ(�2 + γ213) − ig
√

N (γ21κ + γ213 + �2)
. (7).

The intensity of the transmitted probe field is then

IT = κ2
{
(�2 + γ213)2 + γ 2

21g
2N

}
Iin

κ2(�2 + γ213)2 + g2N (γ21κ + γ213 + �2)2
. (8)

Equation (8) indicates that IT(� = 0) > IT(� �= 0). There-
fore, for the all-optical switching with the transmission output
channel, we designate IT(� �= 0) = IT(|0〉) for the open state
|0〉 of the switch and IR(� = 0) = IT (|1〉) for the closed
state |1〉 of the switch. Then, the switching efficiency for the
transmission output channel is

ηT = κ2γ 2
21

(
2

3 + g2N
)

κ2(γ213)2 + g2N (γ21κ + γ213)2

− κ2
{
(�2 + γ213)2 + γ 2

21g
2N

}
κ2(�2 + γ213)2 + g2N (γ21κ + γ213 + �2)2

. (9)

Assuming strong collective atom-cavity coupling (g
√

N �
κ and 3) and neglecting the atomic decoherence (γ21 =
0), one has IT (|1〉) = IT (� = 0) = κ2Iin

(κ+3)2 and IT (|0〉) =
IT (� �= 0) ≈ κ2Iin

κ2+g2N
≈ 0. Then the switching efficiency for

the transmission output channel becomes ηT = κ2

(κ+3)2 , which
again indicates that the efficient operation of the all-optical
switch in the transmission output channel requires a cavity
with a decay rate κ > 3. This condition is compatible with

the condition for the efficient operation of the reflection output
channel.

The switching efficiency ηR and ηT depend on the collective
coupling coefficient g

√
N , the control laser Rabi frequency

2�, the cavity decay rate κ , and the deocherence rate γ21.
In order to clarity the performance characteristics of the
coupled cavity-atom system, we plot in Figs. 3–6 separately the
switching efficiency ηR and ηT versus these parameters with
practical parameter values obtainable experimentally [22].
Figure 3 shows that ηR and ηT are monotonically increasing
functions of g

√
N and are saturated at moderate g

√
N value

(g
√

N � 153 in Fig. 3). Figure 4 shows that ηR and ηT

decreases monotonically with increasing γ21, which indicates
that the interaction-free all-optical switching is a coherent
process and the switching efficiency (particularly ηR) depends
sensitively on γ21. For the high efficiency operation of the
all-optical switching, it is desirable to have an atomic system
with small decay rate of the ground-state coherence. It was
reported [38] that in cold Rb atoms, the decoherence rate
as small as γ12 ≈ 10−43 can be obtained. Therefore, it is
possible to achieve high switching efficiencies in experiments
with cold alkaline atoms as the optical medium.

Figure 5 shows that the interaction-free all-optical switch-
ing in the cavity-atom system can be done with a weak
control laser. The switching efficiency increases rapidly with
the increasing control field, but saturates at � values smaller

0 10 20 30
0.0

0.3

0.6

0 10 20 30
0.0

0.5

1.0
(b)

η T

gN /Γ

(a)

η R

gΝ /Γ

FIG. 3. (Color online) (a) Switching efficiency of the reflected
signal light ηR and (b) switching efficiency of the transmitted signal
light ηT vs g

√
N/3 with γ12 = 0.00013 (dotted red lines), γ12

= 0.0013 (dashed black lines), and γ12 = 0.013 (solid blue lines),
respectively. Other parameters are �p = � = g

√
N , � = 0.23, and

κ = 33.
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FIG. 4. (Color online) (a) Switching efficiency of the reflected
signal light ηR and (b) switching efficiency of the transmitted signal
light ηT vs the decoherence rate γ21/3 with � = 3 (dotted red
lines), � = 0.53 (dashed black lines), and � = 0.23 (solid blues
lines), respectively. Other parameters are �p = � = g

√
N = 203,

and κ = 33.

than 3, i.e., below the saturation intensity of the control field
transition. Figure 6 plots ηR and ηT versus the cavity decay rate
κ and shows that the switching efficiency can be optimized at a
relatively high κ value (<53 for the parameters used in Fig. 6).
Overall, the highly efficient all-optical switching at low control
intensities requires a moderately large collective coupling
coefficient g

√
N , a sufficiently large cavity decay rate κ , and a

small decoherence rate γ21. These requirements can be readily
fulfilled experimentally. As a numerical example, consider
cold Rb atoms (3 = 3 MHz) confined in a 5-cm cavity with
a finesse of 150 (κ = 10 MHz), with g

√
N = 50 MHz (N �

104 atoms), γ21 = 10 kHz(�0.0033), and � = 1.5 MHz
(corresponding to a control intensity Ic = cε0E

2 =
cε0(h�/μ23)2 � 0.3 mW/cm2 that is about five times smaller
than the Rb saturation intensity of 1.6 mW/cm2); the switching
efficiency is derived to be ηR = 0.83 and ηT = 0.56. Figures 3–6
also show that the switching efficiencies for the two output
channels are different. Under the normal operating conditions
discussed here, ηR > ηT: it is more efficient to operate the all-
optical switch of the cavity-atom system in the reflection mode.

IV. SWITCHING TIME AND FREQUENCY BANDWIDTH

The minimum switching time is an important parameter
for all-optical switching applications. It is desirable to have
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FIG. 5. (Color online) (a) Switching efficiency of the reflected
signal light ηR and (b) switching efficiency of the transmitted signal
light ηT vs �/3 with γ12 = 0.00013 (dotted red lines), γ12 =
0.0013 (dashed black lines), and γ12 = 0.013 (solid blues lines),
respectively. Other parameters are �p = � = g

√
N = 203, � =

0.23, and κ = 33.
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FIG. 6. (Color online) (a) Switching efficiency of the reflected
signal light ηR and (b) switching efficiency of the transmitted signal
light ηT vs κ/3 with γ12 = 0.00013 (dotted red lines), γ12 =
0.0013 (dashed black lines), and γ12 = 0.013 (solid blues lines),
respectively. Other parameters are �p = � = g

√
N = 203, and

� = 0.23.

an optical switch operating with a fast switching time and,
at the same time, a low control intensity. A fast switching
time requires a large frequency bandwidth for the optical
switching system, but it is usually incompatible with the
low intensity requirement. The above analysis shows that the
interaction-free all-optical switching in the multiatom cavity-
QED system is capable of operating at low intensities. We next
discuss the switching bandwidth and switching time, and their
relationship with the switching intensity for the cavity-atom
system. As shown in Fig. 2, the control laser induces the
destructive interference in the normal-mode excitation and the
transmission (reflection) spectrum of the signal light intensity
versus the signal frequency detuning �p exhibits a dip (peak)
across the resonance of the normal-mode transition. The
linewidth of the dip (peak) gives the frequency bandwidth
of the system and determines the minimum switching time.
At the normal-mode resonance (�p = g

√
N ), the intensity

of the transmission channel IT (� = 0) is at the maximum
when the control laser is absent (� = 0); when the control
laser is present (� � 0), the intensity of the transmission
channel IT (� �= 0) is at the minimum (dip). Then, let the
signal laser frequency detuning be �p = g

√
N ± δ, at which

the intensity of the transmission channel becomes IT (δ) =
1
2 [IT (� = 0,δ = 0) + IT (�,δ = 0)], the half width δ at the
half dip minimum (HWHM) can be derived. Under the
condition g

√
N � κ , �, and 3, and γ21 � κ and 3, it is

given by

δ =
√

(3 + κ)2 + 8�2 − κ − 3

4
. (10)

2δ is the frequency bandwidth of the all-optical switching
system and then the minimum switching time is τ = 1

4πδ
=

1

π(
√

(3+κ)2+8�2−κ−3)
, in which �2 = μ2

23Ic

h2cε0
(Ic is the control

light intensity). The switching frequency bandwidth δ can
be also derived by considering the peak of the reflected
signal light near �p = g

√
N . With IR(δ) = 1

2 [IR(� = 0,δ =
0) + IR(�,δ = 0)], the identical equation for δ as Eq. (10)
is derived under the condition g

√
N � κ , �, and 3, and

γ21 � κ and 3. Equation (10) shows that the switching
frequency bandwidth increases with the increasing control
light intensity. Therefore shorter switching times require
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FIG. 7. (Color online) Reflected signal pulse vs time t3. Dashed blue lines are with � = 0.53 and solid red lines are with � = 0. In (a),
σ = 9/3; in (b), σ = 3/3; and in (c), σ = 1.5/3. The other parameters are g

√
N = 203, κ = 33, � = �p = g

√
N = 203, �c = �p = 0

and γ12 = 0.00013.

higher control intensities. Thus, the lower intensity operation
of the interaction-free all-optical switching in the cavity-atom
system is accompanied by the increased switching time. If
we consider �2 � (κ + 3), the minimum switching time

becomes τ ≈ κ+3
4π�2 = h2cε0(κ+3)

4πμ2
23Ic

, which is inversely propor-

tional to the control intensity Ic. As a numerical example for
a practical cavity-atom system (with cold 85Rb atoms and a
5-cm cavity [22,27], � = 3 MHz, g

√
N = 50 MHz, 3 =

3 MHz, γ21 = 0.01 MHz, and κ = 20 MHz), the switching
efficiency for the reflection channel is ηR � 0.98, the switching
efficiency for the transmission channel is ηT � 0.75, and the
minimum switching time is τ � 0.2 μs.

Next we analyze the propagation of a Gaussian input signal
pulse, ain

p (t) = E0 exp(−t2/2σ 2) (σ is the pulse standard
deviation) through the cavity-atom system and derive the
cavity reflected signal pulse and the cavity transmitted signal
pulse. Assuming the control field pulse is sufficiently long such
that it overlaps with the intracavity signal pulse completely and
can be viewed as having constant amplitude for the duration
of the signal pulse. Substituting the Fourier transformation for
σij (t) (i,j = 1–3) and a(t),

σij (t) =
√

2π

∫ ∞

−∞
σij (ω) exp(iωt)dυ, (i,j = 1–3), (11)

a(t) =
√

2π

∫ ∞

−∞
a(ω) exp(iωt)dυ, (12)

into Eqs. (2) and a set of equations for σij(ω) and a(ω) are
derived. Consider the condition of g � � such that σ11 = 1,

the Fourier transformation of the intracavity field a can be
derived as

a(ω) =
√

κ/τain
p (ω)

κ − i(ω + �c − �p) + g2N

3−i(ω+�p)+ �2
γ12−i(ω+�p−�)

.

(13)

Here the Fourier transform of the input signal field is ain
p (ω) =√

2πσE0 exp[−σ 2(ω − ωp)2/2]. The Fourier transforms of
the transmitted signal field and the reflected signal field are
aT (ω) = √

κτa(ω) and aR(ω) = √
κτa(ω) − ain

p (ω), respec-
tively. Then, the transmitted signal pulse and the reflected
signal pulse are given by aT (t) = √

2π
∫ ∞
−∞ aT (ω) exp(iωt)dυ

and aR(t) = √
2π

∫ ∞
−∞ aR(ω) exp(iωt)dυ, respectively. The

intensity of the transmitted signal pulse (the reflected sig-
nal pulse) is then IT (t) = aT (t)a∗

T (t) [IR(t) = aR(t)a∗
R(t)].

Figures 7 and 8 plot the reflected signal pulses and the
transmitted signal pulses with the control field (� = 0.53,
dashed blue lines) and without the control field (� = 0, solid
red lines) for three different time durations of the input signal
pulse normalized with a unity peak intensity, respectively. With
� = 0.53 for the control field and the given parameters in
Figs. 7 and 8, the switching frequency bandwidth 2δ = 0.123,
and the corresponding switching time is τ = 1/(4πδ) = 1.3/3.
If the input signal pulse has a duration T > τ , then there is
minimal pulse distortion and the high efficiency switching for
the signal pulse can be realized as shown by Figs. 7(a) and 8(a).
As the input signal pulse duration decreases, the output
signal pulse becomes distorted and the switching efficiency

0.0

0.6

-24 -12 0 12 24
0.0

0.6

0.0

0.6
(b)(a)

I T

tΓ
3

-24 -12 0 12 24
tΓ
3

-24 -12 0 12 24
tΓ
3

(c)

FIG. 8. (Color online) Transmitted signal pulse vs time. Dashed blue lines are with � = 0.53 and solid red lines are with � = 0. The
other parameters are the same as those of Fig. 7.
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decreases as shown in Figs. 7(b) [8(b)] and 7(c) [8(c)]. The
pulse distortion occurs only when the control laser is present
(� � 0). When the control laser is not present, the transmitted
signal light is at the maximum and the reflected signal is at
the minimum, and there is no observable pulse distortion. This
can be understood as follows: when the control light is not
present (� = 0), the linewidth of the transmission spectral
peak (the reflection valley) shown in Fig. 2(b) [Fig. 2(a)] is
given by (κ + 23)/2 [36], which is larger than the frequency
bandwidth of the input pulses used in Figs. 7 and 8. Therefore
there is no pulse distortion for the transmitted signal pulse and
the reflected signal pulse. When the control field is present
(� � 0) and induces the quantum interference that suppresses
the normal-mode excitation, the spectral linewidth of the
induced interference dip for the transmitted signal light (peak
for the reflected signal light) is given by Eq. (10), which is
smaller than the frequency bandwidth of the input signal pulse
[with the pulse duration σ = 3/3 in (b) and σ = 1.5/3 in (c)].
Therefore, the pulse distortion is observed for the output signal
pulse in both the reflection channel [Figs. 7(b) and 7(c)] and
the transmission channel [Figs. 8(b) and 8(c)]. The switching
bandwidth also limits the switching efficiency for the input
signal pulse with a large frequency bandwidth (a shorter pulse
duration). When this happens, the amplitude of the reflected
signal pulse decreases while the amplitude of the transmitted
signal pulse increases, indicating that when the transmission
channel is in the open state, the light leakage increases with
the decreasing pulse duration.

V. CONCLUSION

We have shown that interaction-free all-optical switching
can be realized in a coherently coupled multiatom cavity QED
system. The system supplies two complementary output chan-
nels for the input signal light controlled by a single light field
coupled to the intracavity atoms from free pace. The analytical
results and numerical calculations show that the free-space
control light induces quantum interference that suppresses the
normal-mode excitation and enables the all-optical switching
at low light intensities. The switching frequency bandwidth of
the cavity-atom system is determined by the linewidth of the
interference-induced spectral peak (dip) of the cavity reflected
(transmitted) signal light and increases with the increasing
control light intensity. A faster switching time necessitates an
increase of the control light intensity or vice versa. Highly
efficient all-optical switching, particularly for the reflection
channel operation, can be obtained under practical conditions.
The multiatom cavity-QED system may be also used to explore
the cross-phase modulation of signal light by the control
light and the two output channels from the reflection and
transmission offer versatility and flexibility, which may be
useful for quantum electronics and photonics applications.
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