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In this paper, we investigate the quantum fluctuations of subharmonic reflected field from a triple-resonant degenerate
optical parametric amplifier (OPA) inside coupled optical resonators, which is driven by the squeezed beam at signal
frequency. By controlling the relative phase between the pump beam and the injected signal beam, we can see the
quantum fluctuation in the phase direction and amplitude direction due to the parametric down-conversion process in
the cavity. Thus, the phase sensitive operation of the compression field is realized due to the quantum interference be-
tween the harmonic field of the down converter of OPA and the inner field of the coupled optical resonator. We veri-
fied the quantum coherent phenomena of OPA in coupled optical resonators and phase-sensitive manipulations of
quantum entanglement for quantum information processing. We realized the electromagnetically induced transpa-
rency-like (EIT-like) effect and the optical parameter conversion process at the same time in one optical device. These
properties can favor higher manipulation precision and control efficiency, which is more suitable for the integration of

quantum-on-chip systems, laying a foundation for the practical application of quantum information.
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The optical parametric amplification process is an impor-
tant nonlinear phenomenon, which has a wide range of
applications in the fields of quantum optics, such as laser
generation, frequency conversion, etc'. It can generate
and manipulate light fields in non-classical states, and
optical parametric amplification (OPA) technology has
been proven to be an effective method to generate light
fields in continuous compressed state!™*. In the past few
decades, people have done a lot of work, hoping that the
compressed state can be applied to weak signal detection,
accurate measurement and quantum information process-
ing, such as entangled state preparation, optical phase es-
timation, gravity wave measurement and sample transmit-
tance measurement™®. Recently, ZHANG et al'” have
verified a quantum guided ellipsoid in an experiment and
tested its volume uniformity. The volume of the ellipsoid
does not depend on the reference system. This work not
only deepens people's understanding of the non-locality of
quantum guidance, but also lays an important foundation
for the quantum guidance ellipsoid as a reference

frame-independent quantum correlation diagnostic tool.

Electromagnetic induced transparency (EIT) is a
physical phenomenon caused by quantum interference
between atomic states caused by the interaction of co-
herent electromagnetic field and multi-level atomic sys-
tem, which makes the opaque medium transparent to the
detection light™. The EIT-like effect is mainly the EIT
effect in the classical field. In this paper, the EIT trans-
mission spectrum similar to that in the atomic system can
be obtained by externally adjusting the detuning amount
of the resonant wavelength of two cavities and the phase
difference detuning amount between the two cavities
through the coupling of several micro-cavities.

In this paper, the quantum fluctuation and coherence of
OPA cavity of type I nonlinear crystal coupled with beam
under vacuum compression are theoretically discussed.
These phenomena are caused by the interference between
the harmonic field and the subharmonic field in the reso-
nator''”, We selected the appropriate length of the degene-
rate optical parametric amplifier (DOPA) cavity and the
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reflection coefficients of the front and rear mirrors, then
injected the signal beam and pump beam from both ends
of the OPA cavity!"'"*!. By observing the down-conversion
of the harmonic field under the intermediate cavity mirrors
with different reflection coefficients, the line shape caused
by the quantum interference between the lower stages and
the line generated under different interferences will also
show different structures''”. In addition, the appropriate
relative phase between the pump beam and signal beam
can increase the degree of interference. Since the model
can simultaneously manipulate the EIT-like effect and the
optical parameter conversion process, the integration and
operability of the on-chip system are greatly improved in
the chip manufacturing'">'%!,

We consider a simple Fabry-Perot (F-P) cavity, which
consists of two common cavity mirrors (Mg, and My,.),
and then the plane cavity mirror (M) is placed in the
center of the F-P cavity to form the coupled optical reso-
nators. Finally, a periodically poled KTiOPO, (PPKTP)
crystal is placed in the right optical cavity to complete
the whole installation''®. As shown in Fig.1, the light
fields with frequencies of v and 2v respectively represent
the sub-harmonic field and the harmonic field. Assuming
that the resonator is a standing wave cavity with length
of L (round trip time is =2L/c), the reflectivities of My
and M,,;q to the sub-harmonic field are r, and r,,, re-
spectively. The reflectivities of the harmonic field are r,,
and r,. The reflectivity of the My,, mirror relative to the
harmonic field is R,, which has high reflectivity for
sub-harmonic fields. When the vacuum squeezed beam is
injected from the Mg, cavity mirror and the pump beam
is injected from the My,, cavity mirror, we can observe
the shape of the spectrum under different interference
conditions by understanding the reflectivity of the M4
cavity mirror''"'*].

It is obvious that the reflection coefficient of the left
cavity can be calculated respectively as
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round trip in the cavity, which has the signal beam fre-
quency o with the length of the cavity L; and the refrac-
tive index ;. a; is the loss caused by a round trip in the
cavity, and j is the corresponding optical cavity!'”.
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Fig.1 Schematic of a triple-resonant optical parame-
tric amplifier inside a standing-wave cavity
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The equations of motion for the subharmonic and
harmonic fields are described by the semiclassical
method as

T% =—iAta—y,a+gha +2y5, a, +2p"a,,
t
3

r% =—iATh—y,b+~2yL b ++2p"b,, (4)

where a, and b, are coupled into the subharmonic and
harmonic fields and ¥, is the total damping of the sub-

harmonic field expressed as y, =y;,, +p", where p°

is the decay rate for internal losses, ¥i,, =(1—Rj)/2

is the damping associated with coupling mirror Mg, and
Mg, 75 18 the total damping of the harmonic field ex-

pressed by y, = 71};1 +pb , where p®= Vip + p is the

decay rate for internal losses and  simi-

larly yﬁl =(1-R,)/2 is the damping associated with

coupling mirror M, [0,

From Eq.(4), we can work out the change of pump
beam running trip in the cavity, while the first term on
the right is the losing harmonic term, the second term is
the loss term and the last term is the input term. Since the
pump beam is steady state, the left-hand side of Eq.(4) is

0, and we can obtain
b,
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Fourier transform and linearization of Eq.(6) can be
obtained by noise from the amplitude and phase direc-
tions as
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where <52X{r’l (a))> =¢** and <52Y£ (co)>=e2s represent
the noise fluctuations in the amplitude and phase direc-
tions of the input field individually, and s is the compres-
sion exponent. Here, <5 ‘xe (a))> =1, <5 A (a))>=1 be-
cause it is the vacuum input field.

The coupling strength of the coupled resonator de-
pends on the transmittance of the My cavity mirror.
According to the reflection coefficient of the interme-
diate cavity mirror of the signal field and the pump field,
we will study the quantum fluctuations in the two cases
of weak quantum interference and strong quantum inter-
ference in the coupled cavity within a period.

Case 1 The intermediate cavity mirror loss in the sig-
nal field is set as r,=0.000 16, when the M4 cavity
mirror loss in the pumping field is set as r,,=0.002. The
specific cavity parameters are shown in Tab.1. In this
instance, both the signal field and the pump field are
weakly interfered.

Tab.1 Loss coefficient of each cavity mirror under
weak interference of signal field and pump field

Parameter Loss
Fla 0.000 16
F2a 0.000 16
b 0.01
T 0.002
P’ 0.000 5
P 0.01
7111)1 0.000 1

Case 1 (a) We study the vacuum beam field as a sig-
nal field. As shown in Fig.2(a) and Fig.2(b), when there
is no pump beam injected, there is no noise fluctuation in
the amplitude and phase directions due to parameter
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conversion in the cavity. The pump beam is now injected,
and when the phase difference between the vibration and
the signal beam is @=0, the noise fluctuation curve in the
amplitude direction of the OPA reflective chamber is
shown in Fig.2(c). The blue curve is a noise curve when
the pump beam intensity is 0.15y,. It can be seen that the
noise curve is enlarged due to quantum interference at
zero detuning. Inverted Lorentz curves with splits due to
EIT-like phenomena appear at the far detuning. At the
same time, as the pump beam intensity increases to 0.5y,
the near and far detuning gains are further amplified.
When @=n/2, the noise curve in the phase direction is
shown in Fig.2(d). When the detuning is zero, the noise
curve drops below the shot noise limit (SNL). Similarly,
the EIT-like effect appears at the far detuning. When the
pump beam increases to 0.58;,, the compression at zero
detuning is further amplified, and the gain at far detuning
also increases as the intensity of the pump beam in-
creases.
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Fig.2 Quantum correlation noise fluctuation curves in
the vacuum field of the weakly coupled resonant ca-
vity under three resonance cases: Noise curves in the
(a) amplitude and (b) phase directions without pump
light injection; Noise curves in the (c) amplitude and
(d) phase directions when 6=0 (The black curves are
the shot noise limit (SNL), the blue curves are for the
pump light intensity of 0.18:, and the red curves are
for the pump light intensity of 0.58:)

Case 1 (b) Now the case of injected vacuum squeezed
beam field as the signal field is studied, and the noise
fluctuation curve of the reflected field is shown in Fig.3.

The My, cavity is closed, leaving only the front cavity.

Then the compressed beam, as signal beam, is injected
into the cavity, and the noise fluctuation curve of the
OPA reflected light field is shown in Fig.3(a) and
Fig.3(b). When the phase difference between the local
oscillation beam and the signal beam is @=0, the ampli-
tude noise curve is at zero detuning because the maxi-
mum transmission causes the compression intensity to be
lower than that of the incident light field. While at the
near detuning, the compression becomes inverse com-
pression due to the influence of quantum interference.
When @=n/2, the noise fluctuation curve in the phase
direction and the amplitude direction are symmetrical.
Now the My, cavity mirror is turned on and the pump
beam is injected. At the pumping intensity of 0.15y, as
shown in Fig.3(c), the compression intensity decreases at
the resonance due to the maximum transmission of the
quantum OPA cavity, and a depression appears at the
center of the noise curve. At the far resonance, a Lorentz
curve with cleavage appears due to the EIT-like effect of
the coupled cavity and a small peak appears at the valley.
When the pump light intensity increases to 0.58, the
noise profile at zero detuning changes from compression
to amplification, and the height of the small peak in-
creases at far detuning with the increase of the pump
light intensity. When the phase difference between the
local oscillation beam and the signal beam is @=n/2, the
noise curve in the phase direction is shown in Fig.3(d).

Optoelectron. Lett. Vol.18 No.3

When the pump beam intensity is 0.15y, the noise curve
is lost due to the noise of the resonance when the detun-
ing is zero, and the EIT-like effect at the far detuning
appears here as an inverted Lorentz curve with split.
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Fig.3 Quantum correlation noise fluctuation curves in
the vacuum compression field of the weakly coupled
resonant cavity under three resonance cases: Noise
curves in the (a) amplitude and (b) phase directions
without pump light injection; Noise curves in the (c)
amplitude and (d) phase directions when 6=0; Noise
curves in the (e) amplitude and (f) phase directions
when 6=m

Fig.3(e) and Fig.3(f) show the noise distributions
when the phase difference between the signal and pump
beams is 6=rn. At zero detuning, the compression in the
amplitude direction changes from reverse amplification
at 6=0 to further compression and is positively correlated
with the intensity of the pump beam. Because of the
EIT-like effect, the noise fluctuation curve at the far de-
tuning appears as a Lorentz curve with split. The noise
fluctuation curves in the phase direction show a spike at
zero detuning due to quantum interference. At the far
detuning, the inverted Lorentz curve shape with splits
also appears due to the EIT-like effect.

Case 2 Now the quantum fluctuation reflected from
strongly interfered system injected with the squeezed
vacuum beam is studied, when r,=0.16, r,,=0.02, and
the other parameters are constant. The specific cavity
parameters are shown in Tab.2.

Case 2 (a) When the vacuum beam field is used as the
signal beam field, as shown in Fig.4(a) and Fig.4(b),
since there is no pumping beam input, no parameter
conversion occurs in the cavity, so the noise curves in the
amplitude and phase directions are the same as those of
the SNL.
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Tab.2 Loss coefficient of each cavity mirror under
strong interference of signal field and pump field

Parameter Loss
Tla 0.16
2 0.016
b 0.01
r2p 0.002
p° 0.000 5
P 0.01
v 0.000 1

Now pump beam is injected. When the phase diffe-
rence between the local beam and signal beam as @=0,
the noise amplitude direction curve as shown in Fig.4(c).
When the detuning is zero, the influence of the quantum
interference makes noise curve be amplified to higher
than SNL curve. In far detuning an inverted Lorenz
curve with a split is formed because of the influence of
the type of EIT-like effect in left and right sides. When
the pumping beam intensity is increased to 0.5y, the
gain of the noise curve is significantly enhanced. When
@=n/2, the noise curve in the phase direction is dented at
the zero detuning, and Lorentz curve with split is formed
at the far detuning due to the EIT-like effect. When the
pump beam intensity is increased to 0.5, the depres-
sion at zero detuning is further amplified, and the gain at
far detuning is amplified again due to EIT-like effect.
Compared with Case 1 (a), the quantum manipulation
effect on amplitude and phase directions in the case of
strong interference is stronger than that in the case of
non-interference, and EIT-like effect is more significant
in the case of strong interference.
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Fig.4 Quantum correlation noise fluctuation curves in
the vacuum field of weakly and strongly combined
resonant cavities under three resonance cases: Noise
curves in the (a) amplitude and (b) phase directions
without pump light injection; Noise curves in the (c)
amplitude and (d) phase directions when 6=0

Case 2 (b) Now, the situation of injecting a squeezed
vacuum is researched, whose noise fluctuations of the
reflected field are shown in Fig.5.

When the My, cavity is closed, only the anterior cavi-
ty is retained without pump beam injected, as shown in
Fig.5(a) and Fig.5(b). At zero detuning, the compression
intensity is further compressed relative to the incident
beam field due to the effect of quantum interference, and
at near detuning, the compression becomes reverse com-
pression due to the effect of quantum interference. As for
the noise fluctuation curve in the phase direction, when
the detuning is zero, the intensity of the noise curve is
the same as that of the incident beam field. However, the
noise curve near the detuning turns amplification into
compression due to the influence of quantum interfe-
rence.

Compared with Case 1 (b), the half-width of the noise
fluctuation curve in the amplitude and phase directions in
the strong interference case is wider than that in the in-
terference case, and the quantum interference has a wider
impact.

Now, by turning on the rear cavity mirror to inject the
pump beam, we can find efficient quantum manipulation
due to a second-order nonlinear optical process. When

Optoelectron. Lett. Vol.18 No.3

relative phase is =0, the noise on amplitude of direction
curve is shown in Fig.5(c). Due to the resonance at zero
detuning, at the same time, here, a little cleavage appears
because of the influence of the quantum interference
effect. In far detuning, the noise curve shows a depres-
sion due to the quantum interference. At the same time,
due to the EIT-like effect in the coupling cavity, Lorentz
curve with split and small peaks is formed at the left and
right ends. When the pump beam intensity is increased to
0.584, the noise curve at zero detuning increases directly
from the compression state to the amplification state, and
the small peak at the far detuning is further amplified
directly and presents a three-peak structure.

When @=n/2, the noise curve in the phase direction
appears a depression and a small peak due to the influ-
ence of quantum interference. At the far detuning, the
amplification turns into compression to form the depres-
sion. At the same time, due to the EIT-like effect, the
inverted Lorentz curve with split is formed at the far de-
tuning, and the depression appears in the case of strong
interference. As the pump intensity is increased to 0.55,
the amplification at the zero detuning becomes compres-
sion, and the depression in the inverted Lorentz curve at
the far detuning is further compressed below SNL. When
the phase difference between the signal beam and the
pump beam as 6=n, the noise curve in the amplitude di-
rection is further compressed at zero detuning due to the
influence of quantum interference, which is higher than
the compression intensity of the field. Similarly, Lorentz
curve is formed at far detuning due to the EIT-like effect.
When the pump beam is further increased to 0.58y, the
compression at zero detuning is further enhanced. The
gain at the far detuning is more significant. The noise
curve in the phase direction shows a small peak higher
than the incident beam field at zero detuning, and the
inverted Lorentz curve with split like EIT-like effect
appears on both sides. With the increased intensity of the
pumping beam, the amplification is further enhanced.
Above analyses show that the quantum manipulation
effects of coupled OPA amplifying cavity are different
under different interferences.

Compared with the weak interference, under the in-
fluence of strong interference, the noise fluctuation curve
in the amplitude direction has a lower loss at zero detun-
ing. At the far detuning, the noise curve changes from
compression to amplification, and a three-peak structure
appears. Similarly, in the phase direction, the strong in-
terference changes from amplification to compression at
the far detuning, while the weak interference remains in
the amplification state. In addition, three depressions also
appear. Therefore, it can be seen that the quantum ma-
nipulation under strong interference condition is more
significant than that under weak interference condition,
and appropriate changes in the phase of signal beam and
pump beam will also have an appropriate impact on the
quantum manipulation.
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The nonlinear process of injection in a coupled va-
cuum compression cavity is theoretically studied. By
adjusting the reflection coefficient of the intermediate ca-
vity mirror, the quantum fluctuations under different
interference conditions in the cavity can be observed. We
found that the system has a higher degree of compression
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Fig.5 Quantum correlation noise fluctuation curves in
the vacuum compression field of the strongly coupled
resonant cavity under three resonance cases: Noise
curves in the (a) amplitude and (b) phase directions
without pump light injection; Noise curves in the (c)
amplitude and (d) phase directions when 6=0; Noise
curves in the (e) amplitude and (f) phase directions
when 6=

in the case of strong interference of the intermediate ca-
vity mirror. At the same time, proper adjustment of the
phase difference of the pump beam and signal beam will
also enhance the effect of quantum manipulation. This
work can be widely used in frontier fields, such as quan-
tum key distribution, quantum state teleportation, and so
on.
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