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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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KBaHTOBble CBOMCTBA ONTUYECKOIro pe3oHaTtopa
C TPOVMHOMN CBSA3bIO N NHXEKLMEen cXXaTtoro
BaKyyMHOIro nons

KEe D1, Jie REN, WEI Cul, RENPu Li, YoNGLE Lu, JuNQI Guo, Yu Liu, Jiadia Du

AnHoranusa

IIpenmet uccaemoBauua. [IpennoskeHa cxemMa KBAHTOBOM MAaHUNYJIAIINHI B CUCTEME CBA3AHHBIX OII-
THYECKUX PE30HATOPOB, BKJIIOUAIOIIEHN ONTUUYECKNII PE30OHATOP C TPOMHOM CBA3HIO U MHIKEKIINEH CiKa-
TOTO BaKyyMHOTrO 1oJisg. MeToa. CxeMa KBaHTOBOW MAaHUNYJSIINU B CUCTEME CO CBA3AHHBLIMU OIITHYE-
CKUMU pe3oHaToOpaM¥ OCHOBaHA Ha aHa/NN3e XapaKTEePUCTHUK IIOTJIOIIEHUS W AUCIIEPCUU OTPaAKeHUI
B KJIACCUUYECKOM II0Jie M KBaHTOBOM 1moJie. OCHOBHBIE Pe3yJbTAThI. BBLJIO YCTAHOBJIEHO, UTO TOTJIOIIEe-
HIEe 1 OJUCIIEPCUA IIOJIA OTPAXEeHUA C Pa3/JINYHBIMU CBA3AHHBIMM MHTEHCHUBHOCTAMHA B YCJIOBUAX KJac-
CHUYECKOTO IIOJISI MIPOSIBJISAIOT PasHble XapaKTepUuCTUKU. IPHeKT mpo3pavyHOCTU SJIEKTPOMATHUTHON
UHIYKIIUY HAOJIIOJAaeTCsa IO Mepe YBeJWUYeHUA CBA3AHHBIX MHTEHCUBHOCTEH M CTAaHOBUTCA BCE Oojee
OUYEeBUJHBLIM II0 MepPe yBeJINUYEeHUs CBA3AHHBIX MHTEHCUBHOCTEM, TOKA KpUBas MOTJIOIIEeH!UA He CTaHeT
TIOJTHOCTHIO He3aBUCUMON M3-3a CUJABbHOM cBA3U. M (hIyKTyarusa KBaAaHTOBOTO IITyMa, COOTBETCTBYIOITAA
aMILIuTy e 1 (pase MoJA OTPaKeHusA B KBAHTOBOM II0JIe, TaK:Ke IPeICTaBIAIa pPasJnuUuHbIe XapaKTe-
puctuku. C yBeInueHNEM CBSI3BAHHBIX MHTEHCUBHOCTEH KpuBasa QIYKTyaIrln KBAHTOBOTO IITyMa HAYU-
HaeT pacHienasaTbea. V1 B To :Ke BpeMsa HAOJII0JAaeTCsa TeHIeHITNA PacIllellJIeHnsA eIUHON KPUBOM (PIyK-
Tyaruu KBAaHTOBOTO IITyMa Ha TPU YacTH, ITOKA, HAKOHEIl, OHA MMOJHOCTHIO HE paclajaeTcs Ha TPU OT-
nesbHBbIe KpuBble JIoperma. IIpakTuueckas 3HaunmMocTb. TeopeTuuecKkue pe3ysibTaTbl PACCMOTPEHHOM
cXeMbl IPOJEeMOHCTPUPOBATU, UTO MHOTOKpATHAas (TPEXKpaTHAs) KBAHTOBAA MAHUIYJIAIUA MOYKET
OBITh peasn30BaHAa B IpeJjiaraeMoOM YCTPOMCTBe, UTO oOeclieumBaeT METOJ KOAUPOBAHUSA KBAHTOBOM

IIJIOTHOCTH.

KaroueBbie ciaoBa: KBaHTOBas MaHUIIYJIAIINA, KBAHTOBOE€ KOOAMWPOBaHUE, ONTUYECKUIL pe3oHaTop

C TPOMHOI CBA3BIO, CIKATOE BAKYYMHOE I10JIe

INTRODUCTION
Quantum information science [1, 2] has attract-
ed much attention, which mainly includes two
themes: quantum computation [38—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 Cl1,
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:

K K
S A AL L A
T T

where, o is the annihilation operator of cavity
film, & 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: ki = T'i/z.

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:

H= —Sa*a—l—i

(a* —a), (1)

chli_(; = —iAta—ya ++/2Y%, a;, ++20a,,  (2)

where T = 2l/c represents the round-trip time of
the signal light in the cavity, y = v9, + p repre-
sents the total loss of the cavity, y{, represents
the loss of the input cavity mirror M4, p repre-
sents the sum of the loss in the cavity and the
loss of the output cavity mirror, and A 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):

*
Tddit —iAta” —vya" ++2v%, a, ++/2pa,.  (3)

C3 ’]cz

/ —/

M4 M3 M2 M1

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

272, 8a;, () ++/2pda, ()

da(w) = :
Y+i(o+A)T

4)

2v%, 8}, (—0) +/2p8a, (—o)

ba (-o)= Y+ i(0—A)t

)

According to the correlating theory of classi-
cal field, we can get the reflection coefficient R,
of cavity C; as:

_ ro —r10(,12 exp(iq)l)
1- 1"27'1(112 exp(iq)l )

Ry (1) (6)

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

r3 — Ryoiy? exp(ify)
1—R1Y‘30(22 eXp(i(])z)

Ry (02)= . 7

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

ry — Ryoi3? exp (if3)

. 8
1—R27'40(,32 exp(i¢3) ( )

R3(03)=

where ¢; = 27c2L]~n]~0)/c represents the phase
change in one cycle of the cavity, L; represents
the cavity length, ® represents the frequency
of the signal light in the cavity, n; represents
the refractive index of the light in the cavity,
a; represents the round-trip loss in the cavity,
j=1, 2, 3 represents the corresponding optical
cavity.
So in the amplitude space:

\2rs (y,z, + A2 )y +iy/2r5 ot

80X, = 80X i +
“ 72 +(A2 —0)2)12 + 2imty wn
A/ 27"1'[,11 AT
+ 8Yqin +
v2 1+ (A2 —0?)12 4 2iery “r 9)

[V2py +iy/2p01]

0X 4y +
yz —i—(Az —? )1:2 + 2ioty @
+4/2pAT
+ P Y,

72 +(A2 —032)12 + 2ioty

The mean square of noise in the amplitude
space is:

2 2
2’1%7—‘{2 — (a2 —(02)12] 140?12 (G‘ﬁ —y)

52X0 = 3 52Xain +
(Yz +(A2 —0)2)12) +4w2t2y2
I 4’2‘:12A2T2 52Ya'n +
T 2 1
(Yz +(A2 —0)2)12) +4u)21272
4rloly? +olr? (10)
} n ( ) 52Xav +

2
(*{2 -I—(A2 —u)z)rz) —|—4(1)2rzy2
4r2 pA%?

- %Y.
(72 —I—(A2 —u)2)172) +40321272

We can get the mean square of noise in the
phase space with the same way:

riy—v? —(Az —0)2)12]2 +4027? (ri‘}l —y)z

SZYO = 3 82Yain +
[72 +(A2 —coz)rz] +4a)21272
a2,2.2
47'm 4 ; 8ZXain +
[72 +(A2 —wz)ﬂ +4w212~{2

32X, +

[Yz +(A2 —wz)rzr +40)21272
) dpr? (yz +0)212)

' 2
lyz +(A2 —0)2)12] +40)21272

8%,

THEORETICAL RESULTS AND DISCUSSION

ElT-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 (Fiig. 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)

35
1 ~— ‘J
0.0
4 ﬁ
-0.2 0.0 0.2 BEOK 0.0 0.1
. . . ) . .
1 J
0.0
b, -
I 35 P
-02 0.0 02 201 0.0 01
@ 4 35
el )
B &
2 2
g < 00
< 3
e g /F
£ 05 00 CIoz T -5 ] CP1
= . . gz 0.0 0.
) _/\/
0.0
dI -35 /\/dP
-03 0.0 03 207 0.0 0.1
1 35
0 °1 35 P
-03 0.0 03 -03 0.0 03

Normalized detuning, ® Normalized detuning, ®

Fig. 2. Absorption and dispersion of reflection field
in triple-coupled optical cavity

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
(r7 = 0.96, r? = 0.98), the above Figs also show
the theoretical pattern of the increasing coupled
strength of the optical cavity.

We make 3 = 0.99999 and rZ = 0.9999999,
and first study the absorption and dispersion
curves calculated by formulas, as shown in Figs
a; and ap. When the reflectivity of these two
intermediate mirrors is large, the signal light
entering the cavity C, 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 Cs.
In addition, the reflectivity of the incident cav-
ity mirror is much smaller than that of the exit
cavity mirror (ry << rg), the optical cavity Cj
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 a;. The corresponding dispersion
curve is shown in Fig ap.

Now, we set r§ = 0.99993 and r2 = 0.99999,
and study the absorption and dispersion curves
calculated by formulas, as shown in Figs b;
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 r§ =0.9995,
r2 = 0.9998, as can be seen from Figs. ¢y 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 rZ = 0.995 and r = 0.999, it can be
seen from Figs d; 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 rZ = 0.9 and r% = 0.9,
the absorption spectra split into three indepen-
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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 e; 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 Ry and Rg are so large that there is no
coupled between the optical cavities, so only the
noise of the single optical cavity exists. Fig ag
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 ag). 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 a,g).

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 cg and cpg when
r2 = 0.9995 and r2 = 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

o

3 -0.3 0.0 0.
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-0.3 0.
Normalized detuning, ®
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Noise power relative to shot noise, dB

|
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-0.3 0.0 0.3
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Fig. 3. Noise fluctuation curve of the reflection field
of a triple-coupled optical cavity with injection of
a squeezed vacuum field
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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 2 = 0.9 and r2 = 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 eg) and the noise curve of the quadrature
phase component eventually becomes three in-
verted Lorentz curves with splitting (as shown
in Fig epg). 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
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