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The squeezing level of light on atomic resonance produced by a degenerate optical parametric amplifier (DOPA)
is now limited by blue or violet pump-light-induced loss, and it is difficult to improve the squeezing by simply
reducing the loss of DOPA. In this study, two promising schemes, namely, the cascaded DOPA (C-DOPA) and the
coherent feedback-controlled DOPA (CFC-DOPA), are theoretically discussed. For a ideal case, the CFC-DOPA
can realize infinite squeezing output but requires almost infinite accuracy in phase locking. For a practical case with
feasible physical parameters of realistic systems, the performance of squeezing enhancement for the C-DOPA and
CFC-DOPA is compared. The C-DOPA shows advantages in the megahertz frequency range, while the CFC-DOPA
shows advantages in the low-frequency range. At a general analysis frequency of 2 MHz, C-DOPA shows better
robustness against the loss of the system. As a price, it requires a smaller instability tolerance for phase locking.
With the C-DOPA, the squeezing on Rb atomic resonance can be pushed from —5 dB to —7 dB. Our analytical
results can provide a valuable reference for designing experimental devices to efficiently produce high-quality
squeezed light on atomic resonance, which has potential applications in quantum information processing and

quantum metrology. © 2021 Optical Society of America

https://doi.org/10.1364/JOSAB.439467

1. INTRODUCTION

Squeezed light is an essential resource for quantum information
processing [1], quantum computation [2,3], and quantum
precision measurements [4,5]. Thus far, several approaches
have been developed for the production of squeezed light,
including four-wave mixing based on the third-order nonline-
arity of atomic ensembles [6-9], optical parametric oscillators
(OPOs) based on the second-order nonlinearity of nonlinear
crystals [10-14], and optical fibers based on the third-order
Kerr type nonlinearity [15,16]. Recently, benefiting from the
development of nonlinear crystal fabrication technology and
optical coating technology, the squeezing level produced by the
OPO has been significantly improved [11-14], and a maximum
squeezing degree of —15 dB has been achieved [12], proving
that the OPO is one of the most effective approaches. However,
these results mainly focused on the near-infrared or infrared
bands, for example, 1.06 umand 1.5 pm.
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With the rapid development of atomic physics, the inter-
action between light and atoms has become a major concern.
The squeezed light corresponding to the transitions of alkali
metal atoms, such as Cs and Rb, has significant potential for
application in the construction of practical quantum networks
[17], improvement of the sensitivity of atomic noise spectros-
copy [18,19], and atomic optical magnetometers [20]. The
squeezed light near or on atomic resonance has been produced
based on the OPO and the four-wave mixing in an atomic vapor
cell. Besides the two schemes, the polarization self-rotation in
an atomic vapor cell is also another suitable candidate. Based on
the four-wave mixing in an atomic vapor, an efficient intensity
difference squeezing of —9 dB when operating off resonance
with Rb atomic transitions has been produced [21-23], and
—6.3 dB for single resonance with Rb atomic transitions has
been observed [9]. With the same scheme, an intensity differ-
ence squeezing of —6.5 dB also for single resonance near Cs
atomic resonance was obtained [24]. However, the maximum
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single-mode squeezing obtained in experiments with four-wave
mixing [7,8] and polarization self-rotation [25-27] is only
—4dB and —3 dB, and the squeezing level seriously depends
on the detuning of atomic transitions. The OPO is free of this,
which can produce subequal single-mode squeezing near atomic
resonance. With the OPO, numerous groups [28-33] have
realized single-mode squeezed light corresponding to atomic
transitions in experiments. Takeno ez al. achieved effective
squeezing of —9 dB at 860 nm [28]; however, it was detuned
from the Cs D, line for several nanometers. Burks ez 2/ [29] and
Tian ez al. [30] obtained —3.0 dB and —3.5 dB of squeezing at
852 nm, resonant to the Cs D, line. For the D; line of Rb, con-
siderable efforts have been made to improve the squeezing level.
Tanimura ez al., Wolfgramm ez al., and Hétet et al. reported the
squeezingof —2.75 dB [31], —3.5 dB [20],and —5.2 dB [32] at
795 nm, respectively. In 2016, our group improved the squeez-
ing degree to —5.6 dB [33], which is the highest squeezing level
reported at the D line of Rb.

It can be seen from the above that the observed squeezing level
on atomic resonance is quite limited compared with the results
at 1.06 wm and 1.5 pm. The intrinsic limiting factor is that the
wavelengths of the atomic transitions are short. The squeezing
of lights is quite sensitive to its loss. With the shortening of the
wavelength, the absorption losses of both the nonlinear crystals
and the mirrors strengthen. For 1.06 um and 1.5 pm, the loss
of the OPO cavity can be lower than 0.1% [12,13], which is
quite difficult to achieve for the OPO on atomic transitions. At
present, the intracavity loss of the OPO at 795 nm reported in
the published papers [31-33] is approximately 0.5%. In addi-
tion, the OPO needs to be pumped by the beam at the harmonic
wavelengths, which is mainly in the blue or violet band for the
wavelengths of atomic transitions. The blue or violet pump
beam induces a loss increase of the nonlinear crystals for the fun-
damental beam owing to the blue-induced infrared absorption
[34] and the gray-tracking effect [32,35]. This effect becomes
quite serious when the wavelength shortens to 795 nm, and
exposure to a violet laser with high power may cause damage to
the crystals. To avoid this, Hétet ez al. recommended restricting
the power of 398 nm to 50 mW [32]. To ensure the tenability
of the wavelength, the OPO at these wavelengths is designed to
only resonate with the signal light, resulting in higher thresh-
old power. Therefore, for the production of squeezed light at
795 nm, OPO is operated at a moderate normalized pump
parameter, which also limits the output squeezing level. The
additional losses and moderate pump parameter together lead to
the fact that the squeezing level on atomic resonance is far below
therecord of 15 dB at 1.06 pum.

In some practical application scenarios [17-20], the phase
of the squeezed light should be controlled. Although the phase
of the squeezed vacuum state can be locked with the scheme of
quantum noise locking [36], the stability of phase locking is
significantly less than that achieved with traditional coherent
modulation locking. Hence, the quadrature squeezed light
possessing coherent components enables the realization of stable
phase locking. By injecting a signal beam into the OPO and
running itas a degenerate optical parametricamplifier (DOPA),
one can obtain quadrature squeezed light. At the 795 nm Rb Dy
line, the squeezing of the quadrature squeezed light produced
in the experiment is limited to —4.0 dB [32]. For a wavelength
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authentically resonant to the Cs D, line, the squeezing level
is also at this level [29,30]. The low squeezing level limits the
application potential in actual quantum information processing
and quantum metrology. To enhance the squeezing level output
from the DOPA with the practical loss and pump parameters,
two feasible schemes are applied: cascaded DOPA (C-DOPA)
[37,38] and coherent feedback-controlled DOPA (CFC-
DOPA) [39-42]. TheC-DOPA denotes a system that seeds the
squeezed light generated by one DOPA into the other DOPA,
while the CFC-DOPA is a system that feeds the squeezed light
produced by the DOPA back into the input port. Both schemes
have been proven to have the ability to enhance the squeezing
[37-42]. The production of quadrature entangled light with a
nondegenerate optical parametric amplifier (NOPA) is quite
similar to that of the squeezed light with the DOPA. With
cascaded NOPA (C-NOPA) [43,44] and feedback-controlled
NOPA (CFC-NOPA) [45], the entanglement enhancement of
lights has also been realized in experiments. However, the two
schemes are mainly discussed separately, and few studies have
compared their performance for enhancement of the quantum
property. Thus far, experimenters are still confused about which
scheme to choose. Recently, we noticed that Xin et 4/ com-
pared the enhancement of quadrature entanglement with the
C-NOPA and CFC-NOPA [46]. They concluded that CFC-
NOPA has unique advantages over the C-NOPA. However,
they adopted a simple model in which the analysis frequency
was not considered. Therefore, their results are mainly respon-
sible for zero analysis frequency, at which the squeezing is quite
hard to observe in experiments due to some technique reasons.
In this study, originating from the quantum Langevin equation,
we obtained the complete noise formulas of the squeezed light
from the C-DOPA and CFC-DOPA, depending on the analysis
frequency. Using these formulas, the dependence of the noise
variance of the light from the C-DOPA and CFC-DOPA on fea-
sible physical parameters, including analysis frequency, pump
parameters, and the loss of the system, is numerically simulated.
Hence, the performance of the squeezing enhancement for the
two cases is compared in detail.

2. THEORETICAL MODEL
A. Squeezed Light from a DOPA

First, we consider a DOPA shown in Fig. 1. All the mirrors are
transparent to the pumping light. For the signal light, M2 has
a power transmissivity of 77, and the other mirrors are highly
reflective. We assume that the intensity of the pump light is
much larger than that of the signal light, and the quantum
Langevin equation for the intracavity field 2 is given by

Intracavity loss L; T c’\]iul

1Y

v,

~ outl
Ml M2 a

Pump field

Crystal

Fig.1. Schematicofa DOPA.
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where 7 is the round-trip time, L; is the intracavity loss, and
y = 11 + L, represents the total loss of the cavity. k' represents
the nonlinear coupling efficiency of the DOPA, which depends
on the amplitude of the pump field and the second-order non-
linear coupling coefficient of the nonlinear crystal. 2! is the
injected signal field, and ¥, is the vacuum field coupled with
the intracavity loss. The sign £ denotes different modes of
the DOPA, + is the parametric amplification, and — is the
parametric deamplification.

Using the operator linearization method, in which the
operators can be expressed by the sum of the mean value and
the fluctuating component, that is, 2 =« + 84, and then
substituting the relationships, that is, §X,=384"+684 and

§Y, = (84" — 84), we can obtain the equations of motion for
the fluctuation of the quadratures of the light:

t6X, () = =2 88,0 £ 88,0+ VTK () + VI8 K,
(2

v68,() = L858, F 68,0 + VT8 (1) + VLo .

@)
For Egs. (2) and (3), we first take the Fourier transform.
Then, by introducing the input—output relation, that is,
a2 = /T4 — 4™, the operator linearization method, and
the relationships of the fluctuations of the quadrature opera-
tor and the creation and annihilation operators, we easily get
sXo = JTi8X, — XM and 8§V = /T;8Y, — 8V,
With the relation, the fluctuation of the quadratures of the light
from the DOPA can be obtained by

s foul _ (L - Lo —iQ) 6XM + VT L8 X,

. @
7 L .
T+ 5 Fe+iQ
b Ly ; pinl %
A — L F—iQ)sY™M + /T L8Y,
SY:utl (2 2 ? ) a 151 1’ (5)

7 L .
B4 Loy yiQ

where Q@ =2m f7,and f is the analysis frequency. In addition,
k is related to the normalized pump parameter x using the for-
mulak = xy /2. Forsimplicity, we denote

4 _Ltp—iQ VTiL
my = i I > ny = T I —, (6)
7+T:FK+ZQ 7+7:|:K+ZQ

V1L

ny = .
A4 _Lte+iQ

L _ L _
5 L Fae— i

L _ L 0’
3 5tk +iQ

()

my =

Then the fluctuation of quadratures of the light can be

deduced as

Squtlzml(S)?;nl+n185(v1’5?;0ut1:m28§2n1+n282}1.
@)

In this study, we assume that the input signal field is a coher-
entor vacuum field, and the fluctuation variances are given by

(82XNY = |my |2 + |m %, (82 72Y) = |ma | + |mal®. (9)
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It can be seen from the equation that the DOPA produces
the quadrature amplitude squeezed light in the deamplification
mode, while it generates the quadrature phase squeezed light in
the amplification mode. In our discussion, we assume that the
DOPA is run in the deamplification mode, that is, the sign =+ is
setto —,and (525(2‘“1) <1

B. Squeezed Light from a CFC-DOPA

Next, we discuss a CFC-DOPA, which is depicted in Fig. 2. In
the CFC loop, a beam splitter (BS) with tunable transmissivity
T; plays the roles of both a controller and an input—output port,
which is called control-BS (CBS). Note that a realistic model
corresponding to an actually constructed optical system in the
laboratory, which considers both the time delay and propaga-
tion loss in the feedback loop, is studied. The propagation loss
for the CFC loop can be modeled as an unwanted vacuum field
¥, coupled from a lossy mirror with transmissivity L. The total
phase delay introduced by the CFC loop is denoted by ¢. The
injected signal field &™ was injected into the DOPA through
the CBS. Subsequently, the output field 2°"*! is reflected by the
lossy mirror M, and then the reflected field 5™ is sent to one port
of the CBS. One output of CBS 5°* is sent back to the DOPA
after phase delay ¢. At the other port of the CBS, we obtain an
enhanced squeezed field ¢°*. The input—output relationship of
the CBSis given by

;out(t): Bgin(t)_'_ﬁ;in(t)’ (10)

() =V L6 (1) — 1 — BEe). (11)

At the mirror M, we have

B (1) = /1= Lya* (1) + /Ly (). (12)

Considering the phase delay ¢, we obtain
A (r) = 6" (1) e™. (13)

To obtain the input—output relation of the CFC-DOPA in
terms of the quadrature representation, for Egs. (10)—(13), we
also use the operator linearization method and substitute the
relationships, that is, 85(/@ =8k + 8k and SIA//e = i(S/;T — 8,@)
with k=a, b, c, v1, v;. Subsequently, taking the Fourier
transform of these equations and eliminating the intermediate
operators by combining with Eq. (8), we obtain

The propagation
P“mpﬁe]d loss L,
—_— -

DOPA

Schematic of a CFC-DOPA.

Fig. 2.
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(SZXLHZ = (1 — L3) (COSZ ¢82)A(Zutl + Sinz ¢82?:)ut1) + L3_
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where

A=cos¢p —+/1—T/1— Lym,, (15)

B=1—/1—1/1—L,(m +my)cos¢p+ (1 — L)1 — Ly)mms,.
(16)

Then, the fluctuation variance is given by

2

N miATra/1 — L
<52X§m)=‘,/1_ 5_%

2

AV L1 —=T(1 - L
nl\/ﬁm_’_ml”l \/72 2( 2)

* B

2

m AV TGN =GV L/1 -1,
B

+ |V LL, +

VL1 — Lym; sing ’

* B

x [B+n20 = B)(1 = L) + (1 = B)La].
(17)

C. Squeezed Light from a C-DOPA

Finally, we consider a C-DOPA as depicted in Fig. 3. To simplify
the calculation, we assume that the two DOPAs are identical;
hence, the intracavity loss and power transmissivity of the out-
put coupler for the second DOPA are also denoted as L and 77,
respectively. The propagation loss from the output of DOPA1
to the input of DOPA2 can be modeled as an unwanted vacuum
noise U3 coupled from a lossy mirror with reflectivity L3. The
phase delay is denoted by ¢. Then the output of DOPA1 and the
input of DOPA2 are related as

@) = (VI = La™ ) +VLsbs ) . (18)

Using the same procedure as the calculation of noise variance
for the single DOPA and CFC-DOPA, we can easily obtain

(19)
For DOPA2, we have
X = I P82X 4 Im P87 Kus, (20)
n AN TN — T/ Lon/1 — L ~
§Xo + (VL + 2 VT 32 : 218 X2
(14)

where Uy is the vacuum field coupled with the intracavity loss for
DOPA2. Substituting Eq. (9), the fluctuation variance of the
light produced by the C-DOPA is obtained by

SX = m [ (1 - Ly)
[cos® ¢l + |m ) +sin ¢ (Imal + [mal) ]

+ |mi [P Ls + |m|*.
(21)

3. RESULTS AND DISCUSSION
A. Squeezing with Ideal Parameters

We first discuss the noise performance of the squeezed light
produced by the DOPA, C-DOPA, and CFC-DOPA for an
ideal case, in which all the losses of the system are ruled out
and the analysis frequency is zero, thatis, Ly =L, =L3;=0
and f = 0. For the CFC-DOPA, we can infer from Eq. (17)
that ¢ = 0 denotes positive feedback, for which the squeezing
level produced by CFC-DOPA can be enhanced for a certain
region of the CBS transmissivity 7;. We plotted the squeezing
degree of the light output from the CFC-DOPA versus T; at
a moderate pump parameter x = 0.4 and ¢ =0 as shown in
Fig. 4(a). The results for the single DOPA are also plotted for
comparison. The behavior of the curve can be understood by
considering the trade-off between the enhancement of the
squeezing effect and the loss of the CFC loop. The reflected
squeezed light by CBS feeds back to the DOPA, leading to the
enhancement of squeezing via nonlinear interaction, while
the loss of the CFC loop degrades the squeezing. The loss of
the CFC loop here refers to the reflection loss induced by the
CBS. When 7; < 0.475, the loss is dominant, causing a smaller
squeezing degree compared with that of the single DOPA. With
an increase in 75, the loss of the CBS is reduced significantly.
After T, > 0.475, the enhancement of the squeezing effect tends
to be dominant, leading to an enhanced squeezing level. In
this region, an optimal transmissivity can be found to provide
a maximum degree of squeezing. For the ideal case, Eq. (17)
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(a) Dependence of squeezing degree on the transmissivity 7 of the CBS for the CFC-DOPA, for the ideal case; (b) dependence of squeez-

ing degree on the phase ¢ for the squeezed states generated from the CFC-DOPA, C-DOPA, and single DOPA, for the ideal case. The common
parameters used in the figures are as follows: (a) Ly = L, = L3 =0, f =0,and x = 0.4.¢ = 0and (b) I3 = 1, = 0.816.

can be easily simplified, and the optimal transmissivity of the
CBSisgivenby Tope =1 — (1 — x)?/(1 + x)*.Forx = 0.4, the
maximum squeezing is achieved at 75, = 0.816.

The dependence of the squeezing degree on the phase ¢
from the CFC-DOPA, C-DOPA, and DOPA is also plotted at
x = 0.4 as shown in Fig. 4(b). The curve for the CFC-DOPA
was simulated at 75 = 75, = 0.816, 73 =0.75,and 7; = 0.85;
the result for the C-DOPA was simulated using Eq. (21). From
the figure, we can infer that both the C-DOPA and CFC-DOPA
can enhance the squeezing of the single DOPA by manipulating
the phase delay. Furthermore, we are surprised that the output
squeezing for the CFC-DOPA at a fixed pump parameter can
be infinity by manipulating the transmissivity 7; of the CBS.
However, it requires almost infinity accuracy in phase locking as
shown in the inset of Fig. 4(b). It also can be seen from the figure
that when 7; slightly deviates from 75, the squeezing of CFC-
DOPA weakens, but it is still advantageous over the DOPA
and C-DOPA within a phase region. There exists a trade-off
between squeezing enhancement and the phase region where
the squeezing generated from the CFC-DOPA is enhanced
compared with that from the single DOPA.

B. Squeezing with Practical Experimental
Parameters

The results discussed above seem interesting and instructive, but
they can only be realized under strict experimental parameters.
To provide useful references for practical system designs, we fur-
ther studied a system with experimentally reachable parameters,
in which the intracavity loss of the DOPA and the propagation
loss were considered. To simplify the discussion without losing
generality, we assumed that the propagation losses for the CFC-
DOPA and C-DOPA are equal, thatis, L, = L3. Furthermore,
as the intensity and phase noise of both the pump and signal
laser are quite strong around zero frequency, we set an analysis
frequency of 2 MHz, at which the noise of the light can reach
the quantum noise limit after the filtering of the mode cleaner.
The values of the parameters used in the calculation are as fol-
lows: the loss of the DOPA cavity L; = 0.005, transmissivity
of the output coupler of the DOPA cavity 7; = 0.12, round-
trip time T =2 X 1077, propagation loss L, = L3 =0.01,

analysis frequency /=2 MHz, and pump parameter x = 0.4.
The parameters of the DOPA cavity are consistent with our
previously published paper on the generation of squeezed light
at 795 nm [33]. The dependence of the squeezing degree versus
the transmissivity 75 of the CBS for ¢ =0 is also plotted in
Fig. 5(a). The behavior and physical mechanism are roughly
the same as the ideal case discussed above. The only difference is
that the loss here includes not only the loss of CBS but also the
propagation loss and the intracavity loss of the DOPA cavity. As
a result, the critical 7; at which the curves of the CFC-DOPA
and DOPA intersect as well as the optimal transmissivity 7,
tend to a larger value. For this case, Eq. (17) is relatively com-
plex, and it is difficult to obtain an analytical solution. For a
set of given system parameters, one can find the transmissivity
range of the squeezing enhancement and 7. by numerical
simulation based on Eq. (17). For the present parameters, the
optimal transmissivity of 7g, = 0.946 was obtained.

The dependence of the squeezing degree on the phase ¢ with
the mentioned parameters for the CFC-DOPA, C-DOPA, and
single DOPA is plotted for comparison in Fig. 5(b). The results
for the CFC-DOPA were simulated at 75, = 0.946. From
the figure, we can infer that the CFC-DOPA and C-DOPA
can also enhance the squeezing output from the single DOPA
for the lossy case. However, the C-DOPA is advantageous for
the enhancement of squeezing. This shows a different con-
clusion compared to that in Ref. [40]. The essential reason
for this is that the analysis frequency was not included in their
model. Therefore, their conclusion is responsible for the zero
frequency. As discussed above, the experimental realization of
quadrature squeezed light at zero frequency is still hard for now.
Therefore, we believe that the conclusion obtained here with
an experimental measurable analysis frequency is a valuable
reference. In addition, we define R as the phase region where
the squeezing generated from the C-DOPA and CFC-DOPA is
enhanced compared with that from the single DOPA, as shown
in Fig. 5(b), with Rg <2m. Rp is another important physi-
cal quantity for judging the practicability of phase-sensitive
amplifiers, denoting instability tolerance in phase locking. From
Fig. 5(b), we notice that the C-DOPA shows the advantage of
enhancement of squeezing but no advantage with respect to R.
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Tope = 0.946.

The above discussion focuses on a specific analysis frequency.
To ensure the generality of the discussion, the spectrum distri-
bution of the squeezing degree for the CFC-DOPA, C-DOPA,
and single DOPA is plotted and compared as shown in Fig. 6.
The parameters are similar to those used in Fig. 5, and ¢ =0
was chosen. The dependence of 7iy on the analysis frequency
[ is shown in the inset. Note that the result of the CFC-DOPA
is obtained at 7, for each frequency. As shown in Fig. 6, the
squeezing is enhanced by the CFC-DOPA when f < 3.3 MHz.
The maximum enhancement for the squeezing occurs at zero
frequency, and the enhancement decreases with an increase
in f. After /> 3.3 MHz, the squeezing tends to be slightly
weaker than that of the single DOPA. This is mainly induced
by the delay of the feedback loop, which affects the control
performance and operation bandwidth of the CFC-DOPA.
This is quite similar to the feedback control in electronics, in
which positive feedback increases gain at the expense of band-
width. In stark contrast, the CFC-DOPA can realize almost a
broadband enhancement of squeezing in the frequency range of
0 — 5 MHz. Comparing the curves of the CFC-DOPA and
C-DOPA, it can be seen that the CFC-DOPA can pro-
duce a higher squeezing degree when f < 0.44 MHz. This
result presents a more general frequency range, at which the

0
Lo -~ CFC-DOPA
g 2
S 3
L
S 4
&
< -5
g
§
3
= -8
@ 4
-10 H 1 1 1 1
0 1 2 3 4 5
Analysis frequency f(MHz)
Fig. 6. Dependence of squeezing degree on the analysis fre-

quency. The parameters used in the figures are as follows: L; = 0.005,
Ly=13;=001,7=012,7=2x10"s,x =0.4,and ¢ = 0.

CFC-DOPA indicates the advantage of squeezing enhance-
ment compared with Ref. [46] fixed at zero frequency. After
f > 0.44 MHz, the C-DOPA shows an advantage in the
enhancement of squeezing, and the advantage strengthens as f°
increases. Compared with the advantage of the C-DOPA in the
megahertz range, the advantage of the CFC-DOPA in the low-
frequency band is inconspicuous. In addition, the realization of
quadrature squeezed light with the DOPA in the low-frequency
range is still difficult as the noise of the laser and electronic loop
increases. Therefore, the following discussion is fixed ata general
analysis frequency of 2 MHz.

To further expand the generality of the discussion, the
dependence of the squeezing degree on the pump parameters at
/' =2MHzis plotted in Fig. 7. The corresponding 75, versus
pump parameter x is shown in the inset. The squeezing degree
for each pump parameter was optimized to be that at 5. First,
we compare the curves of the single DOPA and CFC-DOPA.
This behavior can also be explained by considering the trade-off
between the enhancement of the squeezing effect and loss of the
CFC loop. When x < 0.64, the enhancement of the squeezing
effect is dominant, and thus the CFC-DOPA can enhance the
squeezing of the single DOPA. The squeezing produced by the
single DOPA strengthens with an increase in x. Squeezing is
quite sensitive to the loss. The higher the squeezing, the stronger
the degradation induced by loss. As x increases, the effect of the
loss significantly strengthens and becomes dominant, resulting
in the fact that the squeezing output from the CFC-DOPA is
weaker than that of the single DOPA after x > 0.64. From the
curve of the C-DOPA, it can be seen that the C-DOPA can
realize the enhancement of squeezing for all ranges of x, and
the squeezing level obtained by the C-DOPA is always stronger
than that of the CFC-COPA. From this point of view, the
C-DOPA also shows an obvious advantage compared with the
CFC-DOPA.

In the following, we discuss the robustness of the C-DOPA
and CFC-DOPA against the loss of the system. The squeez-
ing level produced by the C-DOPA and CFC-DOPA versus
intracavity loss L and propagation loss L,(L3) are plotted as
shown in Figs. 8(a) and 9(a), respectively. The results for the
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2 I 0 < L,(L3) < 0.04. From the two figures, we can conclude that

0 ' both the CFC-DOPA and C-DOPA can enhance the squeezing

g 2 AN 50 for the practical loss range. With an increase in L1, the squeezing

g -4 N , produced by both the CFC-DOPA and C-DOPA degrades

2 6 remarkably, and the result for the CFC-DOPA is always better

T 8 > than that of the C-DOPA. As L, (L3) increases, the degradation

5 T N S of squeezing for the CFC-DOPA is more serious than that of

5 q2[ - crcpora Sl . the C-DOPA. This implies that the squeezing produced by the

P B el CFC-DOPA is more sensitive to the propagation loss. Based

16 ) ) ) ) on the above discussion, the C-DOPA retains the advantage of

0.0 0.2 0.4 0.6 0.8 Lo squeezing enhancement and shows better robustness against

Pump parameter x loss. The squeezing enhancement region Ry of the C-DOPA

Fig. 7. Dependence of squeezing degree on the pump parameter and CFC-DOPA versus the loss is also shown in Figs. 8(b)
x. The parameters used in the figures are as follows: L, =0.005, and 9(b). As the price of advantage on the squeezing enhance-
Ly=L3=0.01,7,=0.12,1=2x 10", =0,and f =2 MHz. ment, the R of the C-DOPA is always smaller than that of the

CFC-DOPA for the practical loss range. This denotes a smaller
instability tolerance and may require a slightly higher accuracy
in phase locking,.

Note that the squeezing discussed above is the direct output
the two figures are as follows: x = 0.4, 7 =2 x 107%, ¢ =0, from the single DOPA, C-DOPA, and CFC-DODA. With the
T'= Iy, and f=2MHz. In Fig. 8, we set L,(L3)=0.01 following parameters: L; = 0.005, 7; =0.12, 7 =2 x 107 s,
and numerically simulated results for a practical intracavity L,=L13=0.01, f=2MHz, and x = 0.4, —5.59 dB of the
loss range of 0 < L; < 0.02. For Fig. 9, we set L; =0.005 quadrature squeezed light can be directly obtained from the
and obtained results for a practical propagation loss range of single DOPA. For the C-DOPA, —8.86 dB of squeezing can

single DOPA are also plotted for comparison. The insets show
Tgpe versus Ly and L;(L3). The common parameters used in
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Fig. 8. Dependence of (a) squeezing degree and (b) Rr on the intracavity loss L; for the squeezed states generated from the CFC-DOPA,
C-DOPA, and single DOPA. The parameters used in the figures are as follows: L, = L3 =0.01, 7 =0.12, 1 =2 x 10775, x=0.4,¢=0,and
f=2MHz.
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be expected at ¢ = 0, while —6.27 dB of squeezing can be pro-
duced by the CFC-DOPA at "= T;,c and ¢ = 0. However, the
actual measured squeezing in experiments should consider the
detection efficiency, which includes the homodyne visibility,
the quantum efficiency of the photodiodes, and the propaga-
tion loss from the squeezing source to the detection system.
Considering the practical detection efficiency of 93% [32,33],
the measurable squeezing becomes —4.86 dB, —5.38 dB, and
—7.19 dB for the single DOPA, CFC-DOPA, and C-DOPA,
respectively. The calculated result for the single DOPA with
feasible physical parameters of realistic systems matches the
observed results in experiments [32,33]. The C-DOPA has
the potential to push the squeezing level of the quadrature
squeezed light at 795 nm to be better than —7 dB. In the future,
we believe that the fabrication technology for nonlinear crystals
will be further improved. We hope that one day the crystals can
be exposured to high violet power without the loss increase and
damage. Thereafter, the DOPA on the production of squeezed
lightat 795 nm can be operated at a higher pump parameter. As
shown in Fig. 7, when the DOPA is run at a pump parameter
of x = 0.7, a measurable squeezing level of —10 dB with the
C-DOPA can be expected.

4. CONCLUSION

In summary, the performance of the squeezing enhancement
for the C-DOPA and CFC-DOPA is compared in detail. For
the ideal case, the squeezing level produced by the CFC-DOPA
can be infinitely larger at a fixed pump parameter. However, for
a practical case with the feasible loss and analysis megahertz fre-
quency range, the C-DOPA shows an obvious advantage in the
enhancement of the squeezing level. The CFC-DOPA shows a
slight advantage in the low-frequency range. Furthermore, the
C-DOPA can realize a broadband squeezing enhancement for
all ranges of pump parameters, while the CFC-DOPA can only
enhance the squeezing level of the single DOPA for a narrow
bandwidth and a limited pump parameter range. In addition,
the C-DOPA showed better robustness against loss. The only
disadvantage inferred from our simulation for the C-DOPA is
that it requires a smaller instability tolerance, for which special
care of phase locking should be taken in actual experiments. In
consideration of experimental realization, the other disadvan-
tage for C-DOPA may be that the device is a little cumbersome
compared with the CFC-DOPA. For practical experiments, it is
necessary to balance these advantages and disadvantages.

Although our analysis is based on the parameters used in
the production of squeezed light at 795 nm, the wavelengths
of other atomic transitions are also near infrared or visible
bands, which may face similar difficulties in the production of
high-quality squeezed light. Therefore, our results can provide
an important reference for improving the squeezing level of
squeezed and entangled light at short wavelengths, especially for
wavelengths corresponding to atomic transitions, which have
great potential applications in future quantum information
processing and quantum metrology. Furthermore, it can also
contribute to a deeper understanding of the DOPA, C-DOPA,
and CFC-DOPA.
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