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Abstract
Subject of Study. A scheme of quantum manipulation in coupled optical cavity system composed 

of triple-coupled optical cavity with injection of a squeezed vacuum field is proposed. Method. 
The scheme of quantum manipulation in coupled optical cavity system is based on analysis of the 
absorption and dispersion characteristics of the reflection in classical filed and quantum field. Main 
Results. It was established that the absorption and dispersion of the reflection field with different 
coupled intensities under the classical field show different characteristics. The Electromagnetic 
induction transparency like effect is observed as the couple dintensities increases, and becomes 
more and more obvious as the coupled intensities increases, until the absorption curve becomes 
completely independent due to the strong coupled. And the quantum noise fluctuation corresponding 
to the amplitude and phase of the reflection field in the quantum field also presented different 
characteristics. With the increase of couple dintensities, the quantum noise fluctuation curve 
begins to split. And at the same time, the splitting of the quantum noise fluctuation curve changes 
from one to three, and it completely splits into three Lorentz curves finally. Practical significance. 
The theoretical results of scheme demonstrated that multiple (three times) quantum manipu- 
lation can be implemented simultaneously in a device, which provides method for the quantum  
dense coding.
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Квантовые свойства оптического резонатора  
с тройной связью и инжекцией сжатого  
вакуумного поля
Ke Di, Jie Ren, Wei Cui, RenPu Li, YongLe Lu, JunQi Guo, Yu Liu, JiaJia Du

Аннотация
Предмет исследования. Предложена схема квантовой манипуляции в системе связанных оп-

тических резонаторов, включающей оптический резонатор с тройной связью и инжекцией сжа-
того вакуумного поля. Метод. Схема квантовой манипуляции в системе со связанными оптиче-
скими резонаторами основана на анализе характеристик поглощения и дисперсии отражения 
в классическом поле и квантовом поле. Основные результаты. Было установлено, что поглоще-
ние и дисперсия поля отражения с различными связанными интенсивностями в условиях клас-
сического поля проявляют разные характеристики. Эффект прозрачности электромагнитной 
индукции наблюдается по мере увеличения связанных интенсивностей и становится всё более 
очевидным по мере увеличения связанных интенсивностей, пока кривая поглощения не станет 
полностью независимой из-за сильной связи. И флуктуация квантового шума, соответствующая 
амплитуде и фазе поля отражения в квантовом поле, также представляла различные характе-
ристики. С увеличением связанных интенсивностей кривая флуктуации квантового шума начи-
нает расщепляться. И в то же время наблюдается тенденция расщепления единой кривой флук-
туации квантового шума на три части, пока, наконец, она полностью не распадается на три от-
дельные кривые Лоренца. Практическая значимость. Теоретические результаты рассмотренной 
схемы продемонстрировали, что многократная (трёхкратная) квантовая манипуляция может 
быть реализована в предлагаемом устройстве, что обеспечивает метод кодирования квантовой  
плотности.

Ключевые слова: квантовая манипуляция, квантовое кодирование, оптический резонатор  
с тройной связью, сжатое вакуумное поле

INTRODUCTION
Quantum information science [1, 2] has attract-
ed much attention, which mainly includes two 
themes: quantum computation [3–5] and quan-
tum communication [6–9]. Quantum computing 
utilizes the characteristics of quantum states 
such as coherence, entanglement and non-clon-
ing [10] to achieve computational tasks such as 
evolutionally-coded quantum states. Because 
quantum states have many properties such as 
coherent superposition, the parallel scale of 
quantum computing is not limited, which is also 
impossible for many classical computing. Quan-
tum communication mainly uses the properties 
of quantum mechanics to store and transmit in-
formation. The classical quantum communica-
tion includes quantum teleportation, quantum 
key distribution and quantum dense coding.

The manipulation [11–13] of quantum sys-
tems is a crucial link in the research of these 
fields. Ranging from quantum information sci-
ence to quantum simulation, to quantum sens-
ing, accurate control of quantum systems is a 

fundamental goal in many fields of quantum 
science. Controlling the quantum state of a sys-
tem is critical because it is a preparatory step 
for subsequent calculations or simulations, or 
as a target in itself, such as adiabatic quantum 
computing.

The basic unit of quantum information pro-
cessing [14, 15] is the quantum bit [16], which can 
exist in any system of double quantum states, 
such as photons, phonons and atoms. As a conse-
quence of the strong stability and fast speed of 
photon, optical system [17–19] has become one of 
the ideal carriers for quantum information pro-
cessing. In addition, in the traditional optoelec-
tronic field, light as a carrier has been relatively 
mature applications. These results would seem 
to suggest that we may need the quantum opti-
cal devices which can be applied to quantum in-
formation processing by light. In these quantum 
devices, the transmission or storage of light can 
be controlled, which makes the encoded light 
signal insensitive to environmental disturbanc-
es. It is precisely because of this that people’s re-
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search on the quantum control of optical system 
has become one of the main directions of quan-
tum physics and quantum information research 
in recently.

Quantum entanglement is the focus of quan-
tum information science, and it has very impor-
tant applications in quantum communication, 
quantum teleportation [20], quantum coding 
and other fields. In quantum communication, 
in order to ensure the security of the process, 
the communication parties need to share the 
pure maximum entangled state in advance to 
establish their quantum channels. Based on 
the optical coupled cavity system [21, 22] and 
the related input and output processes of it, the 
effective quantum entanglement scheme can 
be developed to form the maximum entangle-
ment state. Furthermore, the main problem of 
quantum coding is that it can only be used for 
separate variables and its encoding efficiency is 
low, which is also the main reason that limits its 
practical application.

In this paper, the quantum characteristics of 
the reflection field in triple-coupled optical cav-
ity with injection of squeezed vacuum field were 
studied. We realized the manipulation of con-
tinuous variable in the quantum field. With the 
increase of the coupled strength of the cavity, the 
Electromagnetic Induction Transparency (EIT)-
like effects appear in the coupled cavity. Since 
the quantum properties of triple-coupled opti-
cal cavity under different coupled intensities are 
studied, the results show that due to the different 
coupled intensities, the reflection spectra of the 
coupled optical cavity also show completely dif-
ferent structures. The results also demonstrated 
that it is possible to perform multiple quantum 
manipulation in a single device simultaneously.

THEORETICAL MODEL
The theoretical model is shown in Fig. 1. Firstly, 
a concentric optical cavity is formed by two pla-
no-concave mirrors (M1 and M4), and then two 
plane mirrors M2 and M3 are inserted into this 
cavity, thus forming three Optical cavities C1, 
C2 and C3, which are mutually coupled. These 
three cavities constitute the entire coupled op-
tical cavity system, and the coupled strength of 
the entire optical cavity system is determined 
by the reflectivity of the two intermediate cav-
ity mirrors M2 and M3.

The Hamiltonian of the system [23] is:

( )1 2* *... ,l
in inH a a i a aτκ κδ α α

τ τ

  =− +  + + −  
 (1)

where, α is the annihilation operator of cavity 
film, δ is the detuning of laser frequency and 
cavity frequency, the relationship between the 
dissipation rate of the mirror, the transmis-
sion coefficient of the mirror, and the round-trip 
time of the photon in the cavity is: κi = Ti/τ.

Suppose that the light field at any point in 
the cavity is a, the langevin equation of the light 
field in the cavity [24] can be obtained:

	 2 2 ,a
in in v

da
i a a a a

dt
τ ∆τ γ γ ρ=− − + + 	 (2)

where τ = 2l/c represents the round-trip time of 
the signal light in the cavity, γ = γa

in + ρ repre-
sents the total loss of the cavity, γa 

in represents 
the loss of the input cavity mirror M4, ρ repre-
sents the sum of the loss in the cavity and the 
loss of the output cavity mirror, and Δ represents 
the detuning amount between the resonance fre-
quency of the cavity and the input optical fre-
quency. The left term of the formula represents 
the change of signal light in the round trip of 
the cavity, the first term on the right represents 
the influence of the detuning of signal light in 
the round trip of the cavity, the second term on 
the right represents the change of the light field 
in the cavity caused by the total loss, the third 
term on the right is the input term brought by 
the front cavity mirror, and the last term is the 
vacuum compensation term of the back cavity 
mirror.

Conjugate of Equation (2):

	 2 2
*

* * * *.a
in in v

da
i a a a a

dt
τ ∆τ γ γ ρ= − + + 	 (3)

Fig. 1. Schematic diagram of coupled optical cavity
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Fourier transformation and linearization of 
Equation (3) can be obtained:

	
2 2( ) ( )

( ) ,
( )

a
in in va a

a
i

γ δ ω ρδ ω
δ ω

γ ω ∆ τ
+

=
+ +

	 (4)

	
2 2* *

* ( ) ( )
( ) .

( )

a
in in va a

a
i

γ δ ω ρδ ω
δ ω

γ ω ∆ τ
− + −

− =
+ −

	 (5)

According to the correlating theory of classi-
cal field, we can get the reflection coefficient R1 
of cavity C1 as:

	 ( )
( )
( )

2
2 1 1 1

1 1 2
2 1 1 11

exp
.

exp

r r i
R

r r i

α φ
φ

α φ

−
=
−

	 (6)

The reflection coefficient R2 of the coupled 
cavity composed of M1, M2 and M3 can be ob-
tained by the iterative formula:

	 ( )
( )
( )

2
3 1 2 2

2 2 2
1 3 2 21

exp
.

exp

r R i
R

R r i

α φ
φ

α φ

−
=
−

	 (7)

Now considering the entire coupled cavity 
system, we only need to consider the following 
cavities C1 and C2 as an integral cavity mirror, 
and the reflection coefficient R3 of the entire 
coupled optical cavity can be obtained as:

	 ( )
( )
( )

2
4 2 3 3

3 3 2
2 4 3 31

exp
.

exp

r R i
R

R r i

α φ
φ

α φ

−
=
−

	 (8)

where φi = 2π2Ljnjω/c represents the phase 
change in one cycle of the cavity, Lj represents 
the cavity length, ω represents the frequency 
of the signal light in the cavity, nj represents 
the refractive index of the light in the cavity, 
αj represents the round-trip loss in the cavity,  
j = 1, 2, 3 represents the corresponding optical 
cavity.

So in the amplitude space:
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The mean square of noise in the amplitude 
space is:
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We can get the mean square of noise in the 
phase space with the same way:
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THEORETICAL RESULTS AND DISCUSSION

EIT-like effects of triple-coupled optical cavity 
with injection of classical field
Electromagnetic induction transparency ef-
fect is produced by eliminating the influence of 
medium in the propagation of electromagnet-
ic wave by quantum interference. At the same 
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time, the EIT-like effects can also be generat-
ed through destructive interference in classical 
systems. Coupled optical cavity can also simu-
late the electromagnetic induced transparency 
of atomic systems, that is, coupled cavity in-
duced transparency. In particular, the coupled 
optical cavity can give rise to an EIT-like trans-
mission spectrum, is critical for on-chip coher-
ent manipulation of light at room temperatures, 
including the capabilities of deceleration, stor-
age and release of light pulse.

The absorption and dispersion curves of the 
reflection filed of the coupled optical cavity can 
be calculated according to the formulas of am-
plitude and phase changes of the coupled opti-
cal cavity (Fig. 2). The Figs on the left column 
(subscript I) represent the absorption curves of 
the reflection field of the coupled optical cavity, 
and the Figs on the right column (subscript P) 

represent the corresponding dispersion curves. 
The Figs from top to bottom show the changes 
in the reflectivity of the intermediate cavity 
mirrors M2 and M3, respectively, from large to 
small. Since the reflectivity of the incident mir-
ror M4 and the exit mirror M1 remains constant 
(r4

2 = 0.96, r1
2 = 0.98), the above Figs also show 

the theoretical pattern of the increasing coupled 
strength of the optical cavity.

We make r2
2 = 0.99999 and r3

2 = 0.9999999, 
and first study the absorption and dispersion 
curves calculated by formulas, as shown in Figs 
aI and aP. When the reflectivity of these two 
intermediate mirrors is large, the signal light 
entering the cavity C2 is very weak, so there is 
basically no EIT-like effect occurs in the cav-
ity at this time, and the reflected light field is 
just the reflection field of the optical cavity C3.  
In addition, the reflectivity of the incident cav-
ity mirror is much smaller than that of the exit 
cavity mirror (r4 << r3), the optical cavity C3 
is over-coupled. So, the absorption curve of re-
flection field shows only a small absorption at 
the resonance place and no splitting occurs, as 
shown in Fig aI. The corresponding dispersion 
curve is shown in Fig aP.

Now, we set r2
2 = 0.99993 and r3

2 = 0.99999, 
and study the absorption and dispersion curves 
calculated by formulas, as shown in Figs bI 
and bP. When the reflectivity of the two inter-
mediate cavity mirrors decreases, the coupled 
strength of the cavity increases, and the ab-
sorption curve splits slightly at the resonance, 
which indicates that a weak EIT-like effect takes 
place in the cavity. When the reflectivity of the 
intermediate cavity mirrors is reduced again, 
the corresponding splitting will increase due to 
the increase of coupled strength. If r2

2 = 0.9995,  
r3

2 = 0.9998, as can be seen from Figs. cI and cP, 
a tiny split appears again at its resonance, and 
the absorption spectrum of the optical coupled 
cavity has three transmission windows, more-
over, the dispersion curve is changed from zero-
crossing point at resonance to three times zero-
crossing point at resonance and near detuning.

When r2
2 = 0.995 and r3

2 = 0.999, it can be 
seen from Figs dI and dP that the transmission 
window in the middle also becomes larger, in-
dicating that the EIT-like effect becomes more 
obvious. When we reduce the reflectivity of the 
intermediate mirrors to r2

2 = 0.9 and r3
2 = 0.9, 

the absorption spectra split into three indepen-
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Fig. 2. Absorption and dispersion of reflection field 
in triple-coupled optical cavity
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dent absorption curves due to the strong cou-
pled, the corresponding phase curves split into 
three independent dispersion curves, as shown  
in Figs eI and eP.

Based on the above analysis of the classical 
field, we can draw a conclusion that the cou-
pled optical cavity with the coupled strength as 
shown in Fig D is an ideal system for optical de-
celeration and optical storage. At this time, the 
whole medium appears a region of sharp chang-
es in the dispersion curve with low absorption at 
the resonance, which is the ideal region for opti-
cal deceleration and optical storage.

Quantum noise fluctuation of triple-coupled 
optical cavity with injection of a squeezed 
vacuum field
The noise fluctuation curve can be obtained 
from the noise fluctuation formula of the reflec-
tion field, as shown in Fig 3. The Figs on the left 
column (subscript S) represent the noise fluctu-
ation curve of the quadrature amplitude compo-
nent of the reflection field, while the Figs on the 
right column (subscript AS) represent the noise 
fluctuation curve of the quadrature phase com-
ponent of the reflection field.

Since the reflectivity of the intermediate 
mirrors R2 and R3 are so large that there is no 
coupled between the optical cavities, so only the 
noise of the single optical cavity exists. Fig aS 
shows the noise fluctuation of the quadrature 
amplitude component of the reflection field at 
this time. It can be seen that the compression de-
gree of the light here is slightly lower than that 
of the incident squeezed vacuum light field due to 
the weak absorption effect at the resonance. And 
at the detuning point, the interference caused 
by phase inversion makes the compressed light 
here amplified into the anti-compressed light, 
so the noise here is much higher than the (shot 
noise limit) SNL. At the place far away detun-
ing, the compression of the light field is equal to 
the compression of the incident field because the 
light field is completely reflected, so the quadra-
ture amplitude noise curve of the whole reflec-
tion field is presented as a Lorentz curve with 
splitting (as shown in Fig aS). Similarly, due to 
the absorption and dispersion characteristics of 
the optical cavity, the quadrature phase noise 
fluctuation curve of its reflection field appears 
as an inverted Lorentz curve with splitting (as 
shown in Fig aAS).

Fig. 3. Noise fluctuation curve of the reflection field 
of a triple-coupled optical cavity with injection of  

a squeezed vacuum field

In order to enhance the coupled strength 
between the optical cavities, we reduce the re-
flectivity of the intermediate cavity mirrors so 
that the corresponding noise fluctuation curves 
can be seen as shown in Fig cS and cAS when  
r2

2 = 0.9995 and r3
2 = 0.9998. Since the EIT-like 

effect already occurred in this time, splitting 
occurs at the resonance and there are two phase-
crossing zero points near the detuning, casing 
a drastic change in absorption and dispersion. 
The resulting quantum destructive interfer-
ence results in an obvious change in the noise 
curve of the quantum field at the near detuning. 
The noise fluctuation curve of the amplitude 
component appears a triple-splitting Lorentz 
curve, while the noise fluctuation curve of the 
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quadrature phase component appears a triple-
peak inverted Lorentz curve. With the decrease 
of the reflectivity of the intermediate cavity 
mirrors, the coupled strength between the opti-
cal cavities increases continuously, and this phe-
nomenon becomes more and more obvious.

When we set r2
2 = 0.9 and r3

2 = 0.9, it can be 
seen that the noise curve of the quadrature ampli-
tude component eventually becomes three inde-
pendent Lorentz curves with splitting (as shown 
in Fig eS) and the noise curve of the quadrature 
phase component eventually becomes three in-
verted Lorentz curves with splitting (as shown 
in Fig eAS). The results show that multiple (three 
times) quantum coding can be implemented in  
a device with the increase of the coupled strength 
between the optical cavities, which provides 
method for the practical application of quantum 
information technology.

CONCLUSION
We have theoretically investigated the EIT-like 
effects and the corresponding quantum noise 

fluctuation generated in the triple-coupled opti-
cal cavity when the squeezed vacuum field is in-
jected. By changing the reflectivity of the inter-
mediate cavity mirrors of the coupled cavity, the 
amplitude and phase of the reflection light and 
the corresponding quantum noise fluctuation 
were obtained. The output spectra of the opti-
cal cavity were compared between different cas-
es. It has been demonstrated that the strength 
of the EIT-like can be changed by changing the 
reflectivity of the intermediate mirrors in the 
triple-coupled optical cavity, and the corre-
sponding quantum noise also presents new char-
acteristics. The EIT-like effects and the fluctua-
tion of the quantum noise of the reflection field 
in the triple-coupled cavity with different cou-
pled strength are studied, the conclusions ob-
tained may have many important applications in 
quantum information processing such as quan-
tum manipulation, quantum coding and com-
pressed light deceleration, storage and release. 
This work may also be used as a reference in the 
related research of quantum manipulation and 
quantum coding.
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