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Cat states, as animportant resource in the study of macroscopic quantum superposition and quantum
information applications, have garnered widespread attention. To date, preparing large-sized optical
cat states has remained challenging. We demonstrate that, by utilizing interaction-free measurement
and the quantum Zeno effect, even a fragile quantum microscopic system can deterministically control
and become entangled with strong light fields, thereby generating large-amplitude optical cat states.
During the entire preparation process, our method ensures that the microscopic system functions
within a weak field environment, so that its quantum property can be protected. Furthermore, we show
that the preparation of cat states is possible even when the quantum microsystem suffers from
significant photon loss, provided that optical losses from classical devices are kept low, which implies
that the fidelity of the cat state can be enhanced by improvements to and the perfection of the classical

optical system.

Schrodinger’s gedanken experiment involving a cat in a superposition of
dead and alive states vividly demonstrates the magical picture of quantum
superposition on a macro scale'. In modern physics, this cat state (CS) is
usually represented by the superposition of two distinct coherent states |+a),
which can generally be considered orthogonal when |a >2. With the
increase of amplitude |at, CS gets closer to the macroscopic superposition,
making it an important resource for the study of macroscopic quantum
phenomena. CS is not only attractive from a fundamental point of view™’,
but also valuable for applications including quantum teleportation*”,
quantum computing’"', quantum error correction”"” and quantum
metrology'*™". After decades of efforts, CS is now being generated on var-
ious platforms™***, However, even for the best experimental results in the
optical domain so far |« remains less than 2, and it remains a challenge
to increase the value of |a| based on existing methods. For example, the
widely studied photon subtraction method*~*****, which is a probabilistic
method based on post-selection, has low probability of success for gen-
erating large-amplitude CS. Another approach that has attracted a lot of
attention is the synthesis method™***, which uses a pre-prepared CS as a
seed to grow large-amplitude CS. However, this method is still limited by the
amplitude of the pre-prepared CS. Furthermore, a deterministic method
that based on light-matter interaction” has recently been demonstrated
experimentally”’. In this method, CS is generated by direct interaction

between an incident coherent light pulse and a single-side cavity containing
a three-level atom”**™*, Its basic idea is to use normal-mode splitting* to
control the phase of the reflected coherent light field. In the experiment, the
amplitude of the output CS is |a| = 1.4”. Unfortunately, this method is
limited in preparing an arbitrarily large |a| CS for a given optical pulse
length, due to the fragility of the atom-cavity coupling system when inter-
acting with a strong light field. As the external field strengthens, a single
atom ultimately cannot prevent the optical field from entering the cavity,
resulting in the reflected field carrying a m phase shift regardless of the
atomic state, similar to what occurs with empty cavity reflection.

Needless to say, optical field is an excellent medium for information
transmission. Considering the practical application requirements that
involve integrating diverse quantum systems, as well as for advanced sensing
and imaging techniques, the generation of optical CS with large amplitudes
and customizable propagation properties becomes not only necessary but
also of significant value. This endeavor represents a pioneering frontier in
the realm of quantum optics, bearing profound implications for both the
theoretical understanding and the advancement of practical quantum
technology™.

In this article, we propose a deterministic method to generate flying
optical CS whose amplitude can be arbitrarily large, provided that optical
losses from classical optical devices remain low. The key step of our scheme
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Fig. 1 | Schematic for cat state preparation. S represents the coherent light source,
BS the beam-splitter, MR the normal mirror, SM the switchable mirror, PS the phase
shifter, and C the optical circulator. a Principle model based on a chain inter-
ferometer. b Multiple reflection scheme based on a Michelson interferometer. When
the switchable mirrors (SM) are turned on, the coherent light pulse bounces inside
the interferometer and interacts with the single-side cavity (SSC) M times. The SSC
consists of two mirrors, CMy and CMg, with CMy assumed to have perfect reflec-
tivity under ideal conditions. Only SSC, contains a three-level atom. ¢ The energy
level structure of the atom, where the cavity mode couples only with the transition
between levels |1) and |e). The atom is prepared in superposition

state (| 1) + 1 1))/+/2).

is to entangle a strong coherent light field with a microscopic quantum
system prepared in a superposition state initially. After the entanglement,
the optical CS is obtained by performing projection measurement on the
quantum microsystem. In response to the situation that a quantum
microsystem is typically very fragile when facing strong light fields, our
solution is to utilize interaction-free measurement based on quantum Zeno
effect”™, which is considered a powerful non-invasive measurement
method that can protect vulnerable samples. In this work, we further apply it
to protect the quantum properties of the microscopic system from
destruction by strong fields. We replace the direct interaction between the
strong light field and the microsystem with a sequence of interactions, each
with only a small fraction of photons actually interacting with the micro-
system. This ensures that the quantum microsystem always works in a weak
field environment, making one of the main advantages of this work.
Eliminating the negative influence of strong fields gives liberty of applying
this method in a wide variety of systems and provides the potential for future
applications. More importantly, this indicates that our scheme allows
quantum microscopic systems to manipulate macroscopic counterparts
that are challenging to control directly. In addition, our method has another
important advantage—it can reduce the requirements of quantum micro-
scopic systems. For illustration, we employ the single-side cavity-atom
coupling model” as our specific quantum microscopic system. Our simu-
lation shows that our scheme becomes less and less sensitive to both atomic
spontaneous emission and detuning between the atom and the cavity as the
number of interactions increases, when other classical optical devices are
ideal. This enables our method to reduce the impact of optical losses ori-
ginating from quantum device (referred to as Type I light loss), with the
main limitation of our method arising from the optical losses introduced by
classical optical devices (referred to as Type II light loss). Finally, it is also

worth mentioning that here we mainly focus on the optical platform, but our
approach can also be extended to other platforms such as superconducting

microwave resonator ",

Results and discussion
General multiple reflection scheme
First, we focus on explaining the principle of our method. More detailed
experimental protocols will be discussed later. We start with the chain
Mach-Zehnder interferometer shown in Fig. 1a, which is a commonly used
optical structure for interaction-free measurement™ ™. Compared to
conventional interaction-free measurement studies, our scheme has two
distinct features, although these are commonly used and even necessary for
CS preparation. Firstly, we use a coherent light source (S) instead of a single
photon source. Secondly, conventional interaction-free measurement
typically assume that an object has two functions: absorbing photons or
allowing them to pass through. However, our method introduces an
additional function for the object, which is to apply a m phase shift to the
light field passing through it. In details, as shown in Fig. 1a, MR stands for
normal mirror, and BS stands for beam-splitter. The interference occurs
between the light fields in Zones 0 and 1, which arelocated on the lower and
upper sides of BS, respectively, separated by a dotted line. Assuming that a]
(z=0, 1) represents the creation operator of the light field in Zone z, the
function of BS can be described by al — a}cos 6+ aI sinf and
al — a cos0 — a] sin 0%, where cos’ § represents the reflectivity of BS.
As for the object, it has three states, |pass), |block), and |phase). Firstly, we
discuss the state |pass), where the object is transparent, thereby causing
optical interference to occur continuously in Zones 0 and 1. Assuming the
initial state of the light field is such that the field in Zone 0 is in the coherent
state |or) and the field in Zone 1 is in the vacuum state |0), it is represented as
|, 0) = exp ocaz; — oc*a0> |0, 0). After passing through N number of BSs,
it becomes |a cos N, a sit NO )**. Apparently, when 6 = /2N, we have |0,
). While when 6 =7t/N, we have |—a, 0). Secondly, we discuss the state
[block). In this case, any photon passing through the object is absorbed.
Notice that the object and the light field interact many times. To take into
account all absorbed photons, we write the state of the light field as |Cy, C )|
L, b,...In—1), where |C,_,; ) represents photon state in Zone zand |l b,...
Iy_1) represents the photon absorbed each time. After the light pulse
passing through the first BS, the initial state |a, 0)]0, 0,...0) evolves to
|xcos, asing )|0, 0,...0), and it further becomes |acos6, 0)|asind, 0,...0)
due to the absorption of the object. Subsequently, the photons remaining
inside the interferometers pass through the next BS and interact with the
object again. Such process repeats N times. After N numbers of BSs, the
photon state is |acos™ 6, acos™ 10 sin 0) 1Y/ |acos™ ' 8sin §). Note that
when 6 =1t/N, as N — oo, we have cos" § — 1 and sin § — 0. Therefore, as
long as |a|* is finite, the light field can be frozen in its initial state |a, 0)|0,
0,...0). This also means that the actual number of photons absorbed by the
object during the entire process is close to zero. The object is spared from
being directly exposed to light field due to the interruption of the inter-
ference process, which can be considered the quantum Zeno effect caused
by photon loss. Besides the state [block), the state |phase) can also maintain
the light field in its initial state by applying a m phase shift (a;r — —aI) to
the photons passing through it. When the photons encounter an odd
number of BS, the state becomes |acosf, asind), while after passing through
an even number of BS, it becomes |a, 0). It's important to note that the
maximum intensity of photons actually passing through the object during
each interaction is |asinf|. When 6 =7/N, this value tends to zero as N
increases, suggesting the freezing of the light field. Consequently, for both
states |block) and |phase), the object works in a weak field environment.
Above, we have introduced the three states of the object and the cor-
responding dynamic evolution behavior of the light field. It is easy to see that
if an object is initially in a superposition state of (|pass> + |block)) / V2 or
(|pass) + |phase)) /+/2, the object can be entangled with the coherent light
field when 6 = 7t/N, i.e., (| — a,0) |pass> + |a, 0) }block/phase>) /2. After
measuring the object with (|pass) + |block/phase))/+/2, CS can be
deterministically created. However, whether it turns out to be an odd or even
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CS is random, each with a 50% probability of occurrence. The even CS
occurs when the measurement result is (}pass> + |block/ phase)) /+/2. As
for the other measurement result, the odd CS is obtained. In addition, it is
worth mentioning that our method can also realize the entangled coherent
state (|, 0) + |0, a))/+/2°**". To do so, we just need to set 8 = /2N. Given
that the optical field is reflected and interacts with the quantum object many
times, we refer to the above method as the multiple reflection scheme in the
following discussion.

Multiple reflection scheme using single-side cavity-atom
coupling system

The above is the basic idea of our method. The next important issue is what
kind of real quantum microscopic system can be used as an object for our
scheme. We have shown that it is optional whether the object absorbs
photons or provides a m phase. The difference is that the latter way does not
introduce any photon loss. In theory, it has better fidelity. Nevertheless,
given that photon loss due to device imperfection is inevitable in real sys-
tems, the former mechanism is also critical. In fact, our later numerical
calculations will show that such mechanism can even mitigate the impact of
optical losses caused by the quantum system, indicating that the optical loss
of the quantum microsystem no longer serves as the decisive factor when
choosing a microsystem for our multiple reflection scheme. Microsystems
capable of implementing optical path blocking, such as Rydberg
blockade™ ', photon blockade™, and so on™*’, remain viable candidates for
applying our method. Regardless of the system type, our scheme allows the
microsystem to function properly within a weak field environment. This
represents the primary contribution of our work, enabling our scheme to be
utilized in any given experimental environment and offering potential for
future practical application. In the following, we will analyze a detailed
experimental scheme based on a specific microscopic system in order to
study the performance of our method under realistic conditions.

For illustrative purposes only, we adopt the atom-single side cavity
system” as our quantum microsystem. As shown in Fig. 1b, a single atom is
embedded in a single-side cavity SSC;, which is constituted by two facing
mirrors CMg and CMr. Ideally, CMy is assumed to have perfect reflection,
but CMy, is allowed for in- and outcoupling of light. The energy level
configuration of the atom is shown in Fig. 1c. The transition between levels
|1) and |e) is coupled by the cavity mode. When the atom is in |1), the weak
coherent light pulse, resonant with the cavity, is prevented from entering the
cavity due to normal-mode splitting, which results in reflection without a
phase shift. As for the transition between || ) and |1), it is decoupled from the
cavity mode due to large detuning. Therefore, when the atom is in ||}, the
cavity can be treated as an empty cavity. The incident pulse enters the cavity
and reflects back but with a 7 phase. This atom-cavity coupling model has
been directly used to generate CS”*. After a single reflection (Hereinafter
we call it the single reflection scheme), the atom-field entanglement
(|zx)|T> + |—a) H>)/ /2 can be generated. Unfortunately, we will later
explain why the method becomes ineffective when the incident light field is
strong, but our solution can address this problem.

Based on the atom-cavity system, our detailed experimental scheme is
presented in Fig. 1b. In order to implement multiple interactions between
the atom and light field, we do not directly use the chain interferometer
structure in Fig. la, but rather its equivalent Michelson interferometer. In
the figure, SM stands for switchable mirror (In the experiment, it can be
realized by a fiber switch® or Pockels cell”®™*), which is transparent only at
the beginning and end of preparation. At all other times, it is just a normal
mirror, forcing the light pulse to bounce back and forth inside the inter-
ferometer for M cycles. One cycle is defined by a pulse starting at SM, going
through BS twice, and returning to SM. Because the optical field passes
through the BS twice during each interaction with the atom, we adjust the
parameter of BS to 6=m/2M. In addition, SSC, is an empty single-side
cavity. Except for the absence of atom, everything else is the same as SSC;. C
stands for optical circulator. PS stands for phase shifter. Unlike other
components, the use of PS is only for the convenience of calculation and
discussion. Its removal does not have a substantial impact on our method.

We assume that PS adds a 7 phase shift to the light field only as it propagates
from BS to SSC. Its function can be described as ai — —ai, where we still
set al (z=0, 1) as the creation operator of the light field in Zone z.

Initially, the light source emits a coherent pulse into the interferometer,
while the light field in Zone 1 is in a vacuum state. As for the atom, it is
prepared in a superposition state. Accordingly, the initial state of the entire
system is |a, 0) (|T> + |¢>) /+/2. After m number of cycles, the wave-
function of the whole system becomes (See the “System wave-function
calculation” subsection in the Methods)

|ye) = % (I, 0)[1) + |arcos 2myy, asin2my) [1)) - (1)

The dynamic evolution process of the system can be briefly described as
follows. Due to the presence of the empty cavity SSCo, when the atom is in
|1), light field has no phase difference in Zones 0 and 1. Interference con-
tinues to occur, thereby generating |—a). On the contrary, when the atom is
in |1), the light field is frozen in |«) due to the phase difference between the
two Zones. Consequently, after M cycles, we have the light-atom entangled
state (Ja, 0)[1) + [—a, 0)|1)) /+/2. We note that the light field is output
from the SM, end and no photons appear at SM; side. After measuring the
atom, the optical CS is deterministically prepared.

So far, we have only focused on the ideal case. In the following, we
analyze the performance of our multiple reflection scheme for non-ideal
situation. We show that our scheme is highly durable when it comes to
parameters such as atomic spontaneous emission decay and atom-cavity
detuning. The reason for this is the quantum Zeno effect caused by light
absorption.

Experimental parameter analysis of multiple reflection scheme
based on single-side cavity-atom coupling system

In the upcoming discussion, we utilize numerical simulations to analyze the
impact of various practical parameters, including atomic, cavity parameters,
the number of cycles, and the light loss rates of classical optical devices. We
employ fidelity and cattiness™ " as metrics to assess the quality of the CS
generated by our method. Additionally, recognizing the critical role of light
loss in CS preparation”’, the two types of optical losses categorized in the
introduction are the focus of our discussion. The first type is caused by the
quantum system, specifically the atom-cavity interaction, while the second
type solely originates from classical optical devices.

To begin with, we briefly outline the definitions of each parameter.
Regarding the practical atom-cavity system (SSC,), the incident light field is
not only reflected, but also transmitted and scattered. To evaluate these
effects, we set that 2y and w, as the spontaneous emission decay rate and
transition frequency of the atomic transition between |e) and |1), respec-
tively. The coupling constant between the cavity mode of frequency w. and
the atomic transition is g. The atom-cavity detuning is A=w, — w..
Moreover, we set kr(r) as the cavity field decay rate into the external light
field on the CMgr side. Given that the atom is hardly excited in our scheme,
as long as the condition of slowly varying light intensities is satisfied””**”*,
SSC; can be well described by the input-output theory*”. Suppose that
|o;,11) is the incident coherent light field from CMy, side when the atom is in
[1). The cavity reflection |ag ;1) satisfies (See the “Input-output theory for
the atom-cavity coupling system” subsection in the Methods)

. _ |- 21<R(iA—|—y)
jar k(iA+7y) + g

% 1p = Mg 1y |eiﬁR‘”“i.1¢ (2)

where k = kg + K, [ffr11]” is the reflectivity and Bg 11 describes the phase of
the reflection. Similarly, for the transmission of the cavity |ar 1), we have

2(1A + y) /KRy

k(ia+y) +g M ©®)

Or1p = —
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Regarding the scattering field |os;1) due to the atomic spontaneous
emission, we have

NV

Tk(idty) g2 “)

s 14

As for the situation that the atom is in || ), we still assume that the atom
is completely unaffected by the cavity mode due to the large detuning.
Therefore, SSC; in such case can be treated the same as the empty cavity
SSCy. By setting g =0 in Eqs. (2)-(4), we can immediately obtain the cor-
responding reflection and transmission. As for the scattering light field,
itis 0.

Before we continue our parameter analysis, let us make some necessary
discussions about Egs. (2)-(4). They constitute the mathematical founda-
tion of the single reflection model, and seem unrelated to the intensity of the
input light |a>. It is true that the single reflection model allows for a certain
degree of flexibility in |a|>. However, to derive Egs. (2)-(4), the weak exci-
tation approximation is required (see Eq. (15) in Methods), meaning that
the light field inside the cavity cannot be too strong. This leads to the
requirement that the cavity parameter xg not be too large, and similarly, the
intensity of the incident field or the peak value of the incident pulse must also
be constrained. In fact, when parameters such as xg, &, y, A, g and pulse
length are fixed, increasing the intensity of the incident light always inva-
lidates Egs. (2)-(4). Consequently, to guarantee the single reflection model
functions properly, further improvement of the system parameters is
necessary. Overcoming these limitations is one of the objectives of our work.
Our scheme ensures that the single-side cavity-atom coupling system can
always work under the appropriate external field intensity. This effectively
leads to avoid the difficulties brought about by improvement of the quantum
system. From this perspective, our method is not a negation of the single
reflection method. The core principle of our approach is to enhance and
broaden the operational range of the atom-cavity coupling system. The two
methods are complementing each other.

Based on Egs. (2)-(4), we can numerically simulate the dynamic
evolution of the input coherent pulse, and the fidelity of the output in the
multiple reflection scheme. We suppose that the target state is
lyr) = () |t) + 1 — a)[1))/~+/2, and the final state of the whole system

after M cycles is [y;) = (|Cpy)lloss,)|1) + |C0l)|lossl)|¢>)/«/§ with

= M m) (m) (m) (m)
llossyy)) = 1Crpqy)) @ [lmerloron ) 1@sion)) 10T 1) s 1))+ Here
state |C,1(;)) (z =0, 1) denotes the outputs appearing at SM, side when the

atom is in state |1(])). |<x(T’f'Z)T( N denotes the transmission field generated by

SSC, in the m-th cycle, while |oc(SfZ)T( o) denotes the scattering field. Given

that |lossy(;)) includes all optical losses caused by the atom-cavity
coupling system, the fidelity is calculated by taking the trace of [loss;(y)),
Le, F = Trio {(yrlyp) (welyr)) = (@ Cop) P + [(—alCyy )| + 2Re
[(aCop ){Cpy | — @) (loss |lossT)]}/4. In addition to fidelity F, we also
investigate cattiness” "', C, = (|(lossy|loss;)|* — [{Co1|Coy})|Cor — Co, /4.
Detailed calculations can be found in the “Cattiness calculation” subsection
in the Methods. This physical quantity characterizes the purity of the pre-
pared CS. Its maximum value is equal to |a|*. Apparently, C, is more sen-
sitive to light loss compared to F, since its value is related to |(loss, |loss;)|*,
while F is solely related to [(loss, [loss; ).

As a comparison, we simulate the single reflection model” as well.
More specifically, the input |«) is directly reflected by SSC;, and the cor-
responding output state is (Jog 14)[lossy) [1) + |ocR’u>|loss¢)|J,))/«/§ with
[lossy(y)) = o 11| %s11(1))- In this model, the constraints on the atomic
parameters y and A can be directly obtained from Eq. (2). For the empty
cavity case (atomisin || })), aslongas x = 0, the ideal reflection ag = —a; can
be obtained. As for the case where the atom is in |1), the condition for ideal
reflection ag = a; is A = y = xr = 0. If only y is non-zero, we can see that the
ideal reflection can be approximately achieved only when y < g'/xg. As y
increases, the cavity reflectivity |1z 11|* decreases monotonically until it
drops to 0 when y = g’/xg. In other words, y causes of the first type of light

loss. If we focus on A, however, it only affects S ;1 when y = k1 = 0, since |
#fir11|* = 1. As A varies from —oo to oo, 8 ;4 decreases monotonically from 1t
to —. In order to ensure that fg ;1 is close to 0, the constraint A < g/« is
required. Our subsequent numerical simulations will demonstrate that
satisfying the constraints y < g’/xg and A < g*/ky is necessary for the single
reflection model to function properly. In our multiple reflection scheme,
however, the above constraints are relaxed.

Effect of atomic spontaneous emission decay rate y. The atomic
parameter y is the primary source of the first type of light loss. To analyze
its effect, we plot the fidelity F and cattiness C, against y = xzy/g* with
g=2nx7.8 MHz, kg = k =2n x 2.3MHz and A = 0 in Fig. 2, where 1/y is
the cooperativity. In this simulation, we assume that all classical optical
devices such as SM are ideal. The yellow dotted-dashed curve is plotted
for the single reflection model with || = 4, which has almost reached the
upper limit of such model”. The remaining curves illustrate the multiple
reflection model. Red curves correspond to |a|* = 4, black to |a|* = 10, and
blue to |a|*=16. Dotted curves are used for M =5, dashed curves for
M =20, solid curves for M = 100, and double-dotted-dashed curves for

M =1000. In addition, v,y is plotted in Fig. 2c for M = 20, where v, =

o

average photon number reaching SSC; in each single cycle across all
cycles when the atom is in |1). As shown in the figure, v,y is always less
than 1 (For other M, the situation is similar), which validates the low
atomic excitation probability condition, hence Egs. (2)-(4) are valid for
simulations.

By comparison, we can see that the multiple reflection scheme out-
performs the single reflection scheme. In our scheme, it is evident that
fidelity increases as M increases. Whereas for larger |a*, larger M is required
to achieve the same fidelity. More importantly, for y much larger than
27 x 3.0 MHz (This value is taken from the experiment”. It corresponds to
9=0.11 and has been marked in the figure), our scheme can still provide
large F. To better explain the result, we consider the extreme case when
7 = 1, which means all photons reaching SSC; in a single cycle are lost when
the atom is in |1). Under such conditions, the interference between Zone 0
and Zone 1 is continuously interrupted, resulting in the output light field
state in Zone 0 becomes |acos*(m/2M)cos™ ™' 2(n/2M)) = |a(1 — m*/2M))***,
where the approximation is valid when M is sufficiently large. It is evident
that when M >> |a], the output photon state approaches |«), signifying that
the total light loss induced by the atom-cavity coupling system over the
entire preparation process (M cycles) is actually significantly suppressed.
This phenomenon is a manifestation of the quantum Zeno effect, which is
caused by photon loss in the individual atom-cavity coupling system. We
note that the cumulative loss is directly proportional to |«|* and inversely
proportional to M, which explains why in Fig. 2a, the larger M and the
smaller |a*, the better the fidelity. So far, our discussion is about y = 1. As
for the case of 0 <y < 1, the situation is similar. There is a mixture of two
physical mechanisms. The first is to maintain the initial state by phase
modulation, which does not cause any photon loss. The second is the
quantum Zeno effect, which brings photon loss to the entire system. As y
increases, the role of the second mechanism becomes increasingly impor-
tant. Fortunately, by increasing M, the total loss can be greatly suppressed,
which indicates that the quantum Zeno effect determines the lower bound of
fidelity of our scheme. Together, the above two mechanisms ensure that our
scheme has higher fidelity and higher tolerance to y than the single reflection
scheme as M increases. In addition, since the condition y « gz/ K is relaxed,
it implies that our scheme does not require strong coupling between atom
and cavity when the value of y is fixed.

Regarding cattiness, due to its greater sensitivity to light loss, achieving
high cattiness requires much smaller light loss than the fidelity case. This
necessitates a larger value of M. Consequently, we have plotted the blue
double-dotted dashed curve for |a|*= 16, M = 1000 in Fig. 2b. It is evident

ONENENE om 2 . .
oiq| -0 |®ihp| <. p is the maximum value of the

%i1p

I
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Fig. 2 | Influence of atomic spontaneous (@
emission decay. a Fidelity F and (b) cattiness C, 1.04
versus dimensionless y = xpy/g* with g=2nx7.8
MHz, kg =k =21 x 2.3 MHz and A = 0. The yellow 0.8 H
dotted-dashed curve represents the single reflection w :
case. Other curves represent the multiple reflection 2064 ;
case with different colors indicating different |a|* o i
and different styles indicating different M. ¢ We plot E 041 i
Vimax versus y when M = 20, where vy, is the max- ’ : -
imum value of the average photon number reaching ; . / .
SSC; in each single cycle across all cycles when the 024 i Single reflection model 04 i plvielelel
atom is in |1). — T T T T — T y T T
0.0 02 0.4 (_);6 0.8 1.0 0.0 (02 0.4 (’);6 0.8 1.0
7 =21x3.0MHz ¥ 7 =2nx3.0MHz %
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la =4
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........... | |2 =4, M=5
-------------- la|?=4, M=20
_____ e —|al*=4, M=100
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_______________ la|? =10, M =100
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Fig. 3 | Influence of atom-cavity detuning. (a) (b) 18
aFidelity Fand (b) cattiness C, versus dimensionless :
A = xzA/g? with g = 270 x 7.8 MHz and 154

kg = k = 21 X 2.3 MHz. The solid curves are plotted
for y =0, and dashed curves are for y =27 x 3.0
MHz. The yellow curves represent the single
reflection model with |a|* = 4, while other curves are

Fidelity, F

for the multiple reflection scheme.

0.0 T
-0.5

Single reflection model:

0.0 0.5 1.0
A
| |?=4: =0 y=2n x 3.0MHz
Multiple reflection model: |a>=4, M =5: — =0 ------ y=2n x 3.0MHz
|a[?=10, M=20: —— y=0 ------ y=2n x 3.0MHz
| |?=16, M =100: =0 y=2n x 3.0MHz

that even when the light loss in an individual atom-cavity coupling system is
100%, the cattiness can still exceed 10. In conjunction with our discussion on
fidelity, even for significantly large values of |a|*, our scheme can ensure high
fidelity and cattiness, provided the condition M > |a| is satisfied. This
means that Type I loss does not limit the size of CS that our scheme can
produce.

Effect of atom-cavity detuning A. Following the analysis of y, we dis-
cuss the impact of A. We have shown that by interrupting the inter-
ference, the transmission of the light field from Zone 0 to Zone 1 can be
suppressed. Note that the phase mismatch between the two Zones also
interrupts the interference, we expect that our scheme can have high
tolerance of A as well. In Fig. 3, we plot fidelity F and cattiness C, against
A = xgA/g?. Solid curves are plotted for y=0. Dashed curves are for
y =21 x 3.0 MHz. The values of g, kz and x are the same as in Fig. 2. In
addition, the yellow curves are plotted for the single reflection model
with |a|* = 4. As for the multiple reflection model, the red curves are for

|a]* =4, M =5, the black curves are for |a|*=10, M =20 and the blue
curves are for |a|* = 16, M = 100, respectively. As shown in Fig. 3, even for
large |a|, as long as M is large, our scheme can be less sensitive to A.
Moreover, since A does not induce optical losses, the responses of F and
C, to different M are consistent.

Effect of the atomic decoherence. Besides the atomic parameters y and
A, next we provide a discussion about the influence of the decoherence
between the atomic states || ) and |1). Obviously, our scheme requires the
atom to remain in superposition at least until the end of M cycles.
Nevertheless, we need to mention that the multiple reflection processes
hardly affect the atomic decoherence. In our scheme, when the atom is in
|1), the low atomic excitation probability can be satisfied. As for the atom
in ||), it is not coupled to the light field. We note that the atomic
superposition state has been reported to last about 400 ps’>’°, whereas the
full-width at half-maximum of the light pulse that is employed in the

Communications Physics| (2024)7:134



https://doi.org/10.1038/s42005-024-01617-6

Article

Fig. 4 | Influence of light loss caused by classical (a)1 0-
optical devices. a Effective fidelity Fg, (b) cattiness :
C,, and (c) the output intensity |a.q* versus ¢ with L5094
g=2nx7.8 MHz, y =2n x 3.0 MHz, =
kg = k = 21 X 2.3 MHz, and A = 0. The yellow % 0.8
dotted-dashed curves represent the single reflection e}
model with |a|” =4, and other curves represent the L; 0.7
multiple reflection scheme with different |«|* and M. =
The target state is (o)1) + |—ae)[1)) /2. é 0.6
L
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experiment of single reflection model is 2.3 pus”’. Therefore, it is possible
for our scheme to be completed before the decoherence.

Effect of light loss caused by classical optical devices ¢. So far, we
have primarily discussed atomic parameters and optical losses due to
atom (Type I loss). Next, we explore the impact of Type II loss, caused
by classical optical devices, while keeping Type I light loss constant. We
postulate that the loss rate per cycle outside the cavity is denoted by e.
Accordingly, the cumulative loss rate over the entire preparation pro-
cess can be approximated as Me, given that (1 — )" = 1— Me under the
assumption of a small e. Furthermore, considering the symmetrical of
the optical devices on both arms of the interferometer, it is reasonable to
assume that Type II loss is identical for each arm. Consequently, € can
be expressed as the sum of the light losses from each optical device
located on a single arm of the interferometer. To facilitate our discus-
sion, we assume that all optical devices are ideal, except for the
switchable mirror SM (We also assume that irrespective of whether SM
is turned on or off, its light loss rate remains constant). When coherent
light |B,) incident upon SM, (z =0,1), the reflected field is denoted as
[v/1 — ¢f,), and the lost light field can be represented as |/€,). In our
simulation, the effect of these loss terms |/¢f,) from different cycles is
accounted for by taking the trace, similar to our treatment of the cavity
mentioned earlier.

In Fig. 4, we plot ¢ against effective fidelity For= Trioss{(Wed Y1)}, catti-
ness C,, and output intensity |a.g” for different |a|* and M. Here, F.¢ differs
from Fin that the target stateis setas |yc) = (|a)|1) + |—aee)[4)) /v/2
with .= —Co = a[(kr — xr)/(%r + kr)]". Note that |Cy;) is the output
when the atom is in || ), where interference occurs between the two empty
cavities. If the optical parameters of these two cavities are the same, only
intensity of the output is affected and reduced from |a|* to |a.qd*. For the
cavity-atom system, the parameters are set as g=2mx7.8 MHz,
kr=2mx23MHz, and y=2nx3.0 MHz, aligning with actual cavity
characteristics. However, for xp, we set it to zero. Based on the above
parameters, the corresponding Type I loss is about 36.6%. Before we begin
analyzing the impact of Type II light loss, it is important to note that the role
of xr can be simulated with ¢, since the main impact of %y is on the empty
cavity light loss. This loss can be added to other Type II losses. Therefore,

here we simply treat it as 0. Detailed explanations regarding xr are pro-
vided later.

For comparison, we have also plotted the curves corresponding to the
single reflection model with |a|* =4 (the yellow dotted-dashed curves). In
this scenario, both Ff and C, demonstrate minimal impact from ¢, indi-
cating that the key factor affecting the single reflection model here primarily
stems from the optical losses in the individual atom-cavity system
(Type Ilight loss). In this context, we utilize the yellow curve as a baseline to
assess the quality of CS preparation in the multiple reflection model. From
Fig. 4a, b, it can be observed that when ¢ is large, the multiple reflection
model suffers from Type II light loss, with both Frand C, falling below that
of the single reflection model. As M increases, the situation deteriorates
further. However, as ¢ decreases, a dramatic shift occurs. Both Fand C,
begin to outperform the single reflection case and rapidly increase. Smaller
values of |a|* and M exhibit a higher tolerance to Type II light loss, but larger
M values can achieve greater maximal values of Ferand C, (at e=0). As a
result, there are observable intersections of curves for different M values for a
given |af’, which implies that it’s possible to obtain better fidelity using
higher M. For larger values of |a]>, such improvements due to M are only
noticeable when ¢ is closer to zero. All these observed effects are because that
the impact of Type I losses gradually becomes dominant as & approaches
zero, and our method effectively suppresses the influence of Type I light loss.
It's important to recognize that in the single reflection model, Type I light
losses can only be reduced through improvements in the atom-cavity sys-
tem. In contrast, our multiple reflection approach, while not immune to
light losses from classical optical devices, offers a method to reduce the
stringent requirements on quantum microscopic system. This is the central
and distinctive feature of our work.

To pave the way for the initiation of proof-of-concept experiments, we
also provide two tables specifying the loss tolerances for classical optical
devices in a single cycle. These loss tolerances are required to achieve certain
levels of effective fidelity and cattiness under varying conditions of |a|* and
M. The tables reveal that, to achieve over 70% effective fidelity in conditions
with |a|* < 4and M < 10, our scheme’s tolerance for Type I1 loss can be close
to or even exceed 2%. For larger |a|’, however, our scheme requires much
smaller e. Hence, for our scheme, the constraint on preparing large-sized CS
is tied to the quality of classical optical devices.
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Fig. 5 | Influence of cavity parameters. a, b Effective ~ (a) 104 . _ (b) 10- . _
fidelity Fs, (c, d) cattiness C,, and the output ' la|”=8, M=10 ' lec|” =8, M=50
intensity |a.d” versus kg with varying g, M, and x in u®
the multiple reflection model, where other para- =
meters are set as |a|* =8, y = 2m x 3.0 MHz, and =
A=0. The target state is (Jaee)|1) + [—ete)[4))/ E
/2. Solid curves represent xr = 2 x 0.02 MHz, and o
dashed curves represent xr = 21 x 0.002 MHz. The %
green curves are plotted for |a.* only, while curves L
in other colors represent F ¢ and C,. Black corre- w
sponds to g =21 x 7.8 MHz, red to g = 2 x 15 MHz, 02 i . . ] i 02 i i i i ,
and blue to g = 2m x 30 MHz. 10 20 30 40 50 10 20 30 40 50
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(© (@
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Discussion on the cavity parameter k+ and potential approaches to
reduce light loss in empty cavity. Next, we provide additional expla-
nation and clarification on the role of xr. We note that y causes light loss
when the atom is in either |1) or ||), thus affecting both the first and
second types of light loss. However, when the atom is in | 1), according to
Egs. (3)-(4), and the fact that g>y>> xr”, the loss caused by light field
passing through the atom-cavity coupling system (Eq. (3)) is much
smaller than the light loss caused by atomic scattering (Eq. (4)). As for
Eq. (4), since k1 < kg, the influence of xy can be neglected. Hence, the
Type I light loss due to #r is not our primary concern. In the scenario
where the atom is in ||} and does not participate in the interaction, the
light transmission through the empty cavity falls under Type II light loss.
In other words, the effect of k1 can be accounted for in €. According to
Eq. (2), thelight loss rate of the empty cavity after a single reflectionis 1 —
|()er — kR)/(kr + x&)|*. In the experiment”, the cavity parameters are
k1 =21 x 0.2 MHz and kg = 27 x 2.3 MHz, which results in £ = 29% even
if other optical devices are ideal, while after a few reflections, almost all
photons are lost. Therefore, this cavity is unfortunately not suitable for
our scheme. To reduce the optical losses, one needs either decrease xr or
increase kg. The latter is simpler in practice. However, although
increasing kg can reduce photon loss during the interference of two
empty cavities (The atom is in state || )), it also increases photon loss in
the presence of atom-cavity coupling (The atom is in state |1)). To verify
this, we plot Fig. 5 with |a|*=8, y =2n x 3.0 MHz, and A = 0. In Fig. 5a
(for M =10) and 5b (for M = 50), we plot the effective fidelity F. against
kr. Solid curves represent xr =27 x 0.02 MHz, while dashed curves
represent xr = 27 x 0.002 MHz. The corresponding light loss rate of the
empty cavity is approximately 3.4% for xr = 2m x 0.02 MHz and 0.35%
for xp =21 x 0.002 MHz when &g = 21 x 2.3 MHz. Black curves are for
g=2nx7.8 MHz, red for g = 2n x 15 MHz, and blue for g = 2r x 30 MHz.
As for Fig. 5¢, d, the green curves are plotted for |ocef|2, while curves of
other colors represent C,. It is observed that F. can be significantly
improved as xr decreases. Regarding «g, as it initially increases, |a.g’

rapidly rises to its maximum value 8, which causes Ff to increase. Sub-
sequently, photon loss due to atom-cavity coupling plays a major role,
resulting in the decrease of F,. Particularly, it’s noteworthy that for the
black solid curve, when Fsstarts to decrease, its corresponding |ag|* is not
close to 8. The reason is that «g, is approaching the limit g*/y. Under such
limit, the photon loss of a single reflection on SSC; when the atom isin |1)
is almost 100%. Therefore, we choose larger values of g to raise the limit so
that the corresponding |a.d* of maximum F,¢ can get closer to the max-
imum value 8, thereby increasing F.. This phenomenon is verified in
Fig. 5. Moreover, in the blue curves, kg maintains a wide range of high
fidelity. This is due to relaxed constraint of g > xRy in our scheme.
However, we must emphasize that achieving high fidelity does not
necessarily require increasing g. By decreasing xr, we can achieve the
same purpose. In fact, the motivation of this work is to reduce the
influence of the atom, and to show that the performance of our protocol
can be improved by just upgrading the classical optical system, such as the
parameters «r and .

Regarding the impact of M, we provide a brief explanation here. When
kg is small, significant Type II light loss leads to a decrease in our scheme’s
performance with larger M values, as depicted in Fig. 5. However, as kg
increases, leading to a decrease in Type II light loss, larger M values can
ultimately offer improved F.¢and C,.

Discussion on pulse length and interferometer size. Based on the
above analysis of various experimental parameters, we now discuss the
requirements of our scheme for the duration of the incident pulse. It is
noteworthy that the influence of the atom-cavity coupling system on the
wave packet waveshape during a single reflection process has been
discussed®. The results indicate that to shorten the pulse length by half,
while maintaining the reflected waveshape unchanged is necessary to
double xg. For the single reflection model, an increase in kg amplifies
Type Ilosses, resulting in reduced fidelity, hence is not a favorable option.
In our scheme, however, since Type I losses can be mitigated, increasing
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kg is feasible. For example, in the experiment”, the pulse duration is
T, =2.3 s, and the cavity parameter kg is 27 x 2.3 MHz. According to
our simulations in Fig. 5, when |a|* =8, M =50, x =27 x 0.002 MHz,
and kg =2mnx 10 MHz, the effective fidelity of the output CS in our
scheme is about 0.75. With g increased by approximately 5 times, the
pulse length used in our scheme can be shortened 5 times under the
condition of keeping waveshape unchanged, i.e., to T}, = 0.5 ys.

We, so far, stipulated that the waveshape of the reflected pulse remains
unchanged. This is a requirement from the single reflection model, but nota
necessity in our scheme. This is due to the fact that when the atom is in || ),
interference occurs between the two empty cavities, and even if the reflected
waveshape distorts, it does not affect the interference process. Conversely,
when the atom is in |1), the role of the atom is merely to disrupt the
interference. In this case, the light field is primarily concentrated on the
empty cavity side, and the waveshape of the reflected pulse s still determined
by the empty cavity reflection. Consequently, variations in the waveshape of
the output pulse do not affect the generation of CS. This facilitates further
compression of the pulse length in our scheme.

Next, we briefly discuss the size of the interferometer. If we define
the size of the interferometer by the distance L between SM, and SSCy, to
ensure that the light-matter interaction in two cycles does not interfere
with each other, it implies that L needs to be greater than the half pulse
length, i.e., L > (Tyc)/2, where c is the speed of light. Hence, the total
flight distance of the pulse in the entire CS preparation process is MT)c.
For a pulse duration T}, = 2.3 s, L needs to be atleast 350 m, and the total
flight distance falls within the kilometer scale. Given such distances,
employing optical fibers to construct the interferometer is a reasonable
choice. Regarding the requirements for light loss from classical optical
devices, one can refer to Tables 1 and 2 we provided. We note that the

parameter xp in these tables is specified as 2m x 2.3 MHz. Increasing it
allows us to further compress the pulse duration. For instance, setting xg
to 21t x 10 MHz results in a pulse duration T}, of 0.5 ys, with minimum L
adjusted to 75 m. By fixing other parameters at (g,y) =2n x (7.8, 3.0)
MHz and xr =A =0, along with using M =20 and the best-reported
optical fiber, which has an average attenuation of less than
0.157 dBkm™"" (the corresponding Type II loss is about 0.53%), the
effective fidelity of the output CS is about 0.77 for an input light field of |
af* = 3. In this estimate, we have not yet accounted for other classical
optical losses, such as those from SM and fiber-cavity coupling. If we set
these additional losses to 2%, the effective fidelity reduces to 0.63. While
our scheme can shift the source of errors from the atomic system to
classical optical systems, it also demands higher manufacturing tech-
nology standards for existing optical devices.

Lastly, we address the requirements for the SM. In addition to light loss
restrictions, there are also requirements for its response time T;. One pro-
mising candidate of SM is Pockels cell”*. Applying high voltage, it can
rotate the polarization of the light field by 90 degrees, facilitating the
extraction of the light field from the interferometer. Its response time is in
the nanosecond range. Hence, T, can be significantly shorter than the
duration of the pulse T}, Strictly speaking, to ensure that the transmission of
the pulse is uninterrupted, the length of L should be (T}, + T,)c/2, which
means there needs to be a sufficient time window allowed for the change of
state in the Pockels Cell. However, since T, < T, Lis primarily determined
by T,.

Conclusions
We propose a method for generating macro-micro entanglement based
on the interaction-free measurement and the quantum Zeno effect. Our

Table 1 | Impact of classical optical devices on fidelity

Effective fidelity Fot270% Fo:>80% For>90% Fet>95%

Jof? M e £ € €

3 6 <3.91 x 1072 (|aeqf? = 2.36) <1.31 x 1072 (e = 2.77)

3 10 <2.95 x 1072 (|atef? = 2.22) <1.21 x 1072 (|aeqf? = 2.66) 1.87 x 107 (oo’ = 2.94)

4 8 <2.14 x 1072 (|otegf? = 3.36) <7.31 x 1072 (laef? = 3.77)

4 10 <1.91 x 1072 (|atef? = 3.30) <7.36 x 1072 (e = 3.72) <2.38 x 10° (ate? = 4.00)

4 50 <5.18 x 1072 (|atef? = 3.08) <2.53 x 1072 (|atef? = 3.52) <9.17 x 107 (oo’ = 3.82) <3.05 x 107 (|ae? = 3.94)
8 20 <4.53 x 1072 (laef? = 7.31) <1.81x 107 (jef? = 7.71)

8 50 £2.22 x 1072 (laef® = 7.16) <1.09 x 107 (|oteq? = 7.58) <8.36 x 107 (|oter* = 7.87) <8.96 x 107° (Joer* = 7.98)
16 50 <9.47 x 107 (|laef? = 15.3) <418 x 107 (ot = 15.7) <5.50 x 10~° (ot = 16.0)

We specify the tolerance to light loss () required by classical optical devices in a single cycle to achieve a specific effective fidelity (Fef) across various |«f* and M values. The corresponding output light

intensity |ae? is indicated in parentheses. The parameters are set as (g, v, kg) = 21 x (7.8, 3.0, 2.3) MHz and kr = A = 0.

Table 2 | Impact of classical optical devices on cattiness

Cattiness Ca>50%]|af? Ca > 60%]of? Ca>70%|af? Ca > 80%|of?

Jof? M £ € e e

3 6 <2.48 x 107 (|02 = 2.96)

3 10 <4.67 x 107 (|02 = 2.86) <2.02 x 1072 (joe? = 2.94)

4 8 <1.53 x 107 ([oef? = 3.95)

4 10 <2.43 x 107 (|02 = 3.90) <413 x 107 (loe? = 3.98)

4 50 <1.37 x 107 (o2 = 3.73) <9.37 x 10~ (|2 = 3.82) <5.79 x 10~ (Joterf2 = 3.89) <2.76 x 10~ (|02 = 3.95)
8 20 <6.81 x 10~ (|02 = 7.89) <1.45 x 10~ (|2 = 7.98)

8 50 <6.04 x 10 (|aeq = 7.76) <3.83 x 10~ (|aeq? = 7.85) <1.99 x 107 (Jateq2 = 7.92) <4.12 x 1075 (|aeq? = 7.98)
16 50 <1.99 x 107 (jaer? = 15.8) <8.83 x 10~° (o = 15.9)

We specify the tolerance to light loss () required by classical optical devices in a single cycle to achieve a specific cattiness (C,) across various o[> and M values. The corresponding output light intensity ot
is indicated in parentheses. The parameters are set as (g, v, kg) =21 x (7.8, 3.0, 2.3) MHz and k= A =0.
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method allows for the deterministic preparation of optical CS with
arbitrarily large average photon numbers. Because only a small fraction
of photons actually interacts with the quantum microsystem during
multiple interactions, our method avoids directly exposing the quantum
microsystem to a strong light field. This indirect control mechanism is a
key feature of our work. Another significant feature of our work is the
tolerance it shows for photon loss within the quantum microsystem. We
show that the state |—«) is generated through multiple optical inter-
ferences, independent of the quantum microsystem. Conversely, the
state |a) results from the disruption of the interference process, which
remains feasible even if the quantum microsystem experiences sub-
stantial photon loss or other imperfections. This fact enables our scheme
to improve the fidelity of the output CS through enhancements to the
classical optical system.

Methods

System wave-function calculation

We have mentioned that ay and a, represent the annihilation operators of
the light field in Zone 0 and Zone 1, respectively. Based on this, the
function of BS can be described as a; — aj cos 6 + a] sinf and a —
aI cos 8 — aj sin @ where 8 = 1/2M. Now, we consider an arbitrary initial
photon state

|Initial) = |u, v) = exp <uag - u*ao) exp (vaf - v*a1> |0, 0) (5)

which represents that a coherent state |u) is in Zone 0 and a coherent state |
v) is in Zone 1. After passing through the BS, we have the final state

|Final) = exp [u (ag cos + a}L sin 9) — u*(ay cos 0 + a, sin 9)} ,
X exp [v(al' cos 0 — aj sin 6) — v*(a, cos 0 — a, sin 9)} |0,0)
=|ucos@ — vsin 0, usin 8 + v cos 0)

(©)

Similarly, consider an arbitrary phase operation a’ — ¢“a’. For the
initial state |Initial) = |u), after the operation, the final state is

1 d u" 1 n
Final) = ex —fuz) ——(e%a") |0
Fina) = exp (10 ) 32— el)l0)
e (7)
:exp(——|u|2) —(ue“”) |n) = |ue'?)
= v/n!

Based on Egs. (6) and (7), we provide the calculation of Eq. (1).
At the beginning of the preparation, the wave-function of the whole
system is

V2

V) = w01 (11) + 1)) ®)

In the first cycle, after the photons pass through BS for the first time, the
system state is

) =§|acosﬂ,lxsin9)(“>+ 1)) ©)

Before the photons are reflected by SSC, the system state becomes
‘/75 |—a cos 0, —a sin 0) (|T> + {¢>) due to PS. Regarding the reflection,
we emphasize that only when the atom is in |1), SSC; does not
change the phase of the reflected field. As a result, the wave function of

the whole system becomes ‘/TE |a cos 8, —asin 6) ]T> + ‘/TE lacos 0,
asin 0) | 1 ). Subsequently, after the second time that the photons pass
through BS, we have

V2

2

Y

‘W(2)> = |a,0){T>+72|ac0529,0csin29)}¢> (10)

This state becomes the initial state of the second cycle, and the process
is repeated. It is not difficult to obtain that after m cycles, the wave-function
of the whole system is

V2

V2 (11)
2

|1//(2'")> = |oc,0)|T>+gl(xc052m9,(xsin2m0>|¢>

Here the superscript of |y®™) represents the photons pass through BS
2m times.

Input-output theory for the atom-cavity coupling system
The Hamiltonian of cavity-atom system (SSC;) can be described as

[e°]
H = hw,o,, + hw,op, + ho.a'a + hZ]:RTS/ w]b}'(w,)b](w])dw,
Y —00

+hg (aTeaT + aeTa> + h\/%/ [%eb;(ws) + 0 bs(“’s)] duws
Y t
+ 1h\/;/ [ubR (wg) —a bR(wR)} dwy
4 ih\/%/ [abe(wT) - a*bT(wT)} dwy
(12)

where %, is the energy of excited atomic state |e), 4w, is the energy of the
atomic state |1), w, is the frequency of the cavity mode described by
annihilation operator a, w; is the frequency of external field described by
annihilation operator b(w;=gr1s) with rb,(a)])7 b}L(a)}) = &(w; — wp),
and the subscript R represents the external multi-mode field on CM side,
T represents the external field on CMr side, S represents the scattering
field due to the atomic spontaneous emission. In addition, g is coupling
constant between the cavity and the atomic transition between |e) and |1),
2y is the spontaneous atomic decay rate on the same transition, xg and
are cavity field decay rates. We also set that ;. =|1){e|, 0. = |e){e| and
opr = 1(1]-

Based on the above Hamiltonian, it is not difficult to obtain the fol-
lowing Heisenberg equations

d&;(tt) = —iw.a(t) — igGTe(t) — Z}:R,T\/%/7 by(w;, t)dw, (13)
d
2010 = =i(w, = @) 0,0 + g [0..(6) = 0y, ()] a(t)
—’—1\/2/‘70c [aee(t) - O‘??(t)} bS(w87 t)de
~— i(we - wT>oTe(t) — iga(t) — i\/% /  bs(ws,nday (14)
In the approximation, we have assumed that”*"*
(0= 041)a) = —(a) (1)

which indicates that the atom stays in the state |1) most of the time. This can
be satisfied when the input is weak.
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In addition, we can also obtain Heisenberg equations for b(w). They are

db t

dby(wp, D) _ —iwby (), t) + \/K:Ra(t)J =R, T (16)
dt m
dbg(wg, t) ) .Y
% = —iwgbyg (‘US7 t) — 1\/;0%(1’) (17)

Equations (16) and (17) can be rewritten in integral form. If we assume
that the atom-light interaction begins at time Tj, < ¢, we have

) K (! o
b,(a),,t):h](w,,Tm)e‘“”(T‘"’”—i—\/g / a(t)ew=g¢  (18)
J T,

t
by(ws, 1) = by(wg, Ty )e s T — ﬁ/ 0, () e (19)
Tm

If we assume that the atom-light interaction ends at time T, > t, we
have

T
. K out . 7
byl 1) = @(wﬂom)e““f‘“""”—f L[ T o)
t

Toul . ,
by(wg, t) = bg(ws, T,y )esTou™ 4 i\ﬁ / () s 0de (21)
T ¢

By integrating Eq. (18) with frequency, it is not difficult to obtain that

\/'7’ /oob( t)d
7). wy, )awy

=S [T by, Ty T de
- T _OOI J» ~in J

1 o
+2K]Tint/a(t/)dt/ﬁ/ el 7t)dw]

\/g/oo h](wh t)dw] = \/Ea],out(t) — K](l(t) (29)
\/%/oo bS(wS7 t)da)s = mas,out(t) =+ iyo-Te(t) (30)

Then, by substituting Eq. (22) and (29) into (13), we can obtain the
dynamic equations

da(t)

a —iw.a(t) — igos (1) — \/2Kgap jn(t) — Kpa(t) — \/2xpar (1) — wra(t)
(3D

% = —iw.a(t) — igo (t) — \/2kpaR oue(t) + Kra(t) — /26107, (t) — Kra(t)
(32)

% = —iw.a(t) — igo, () — \/2kag in(t) — Kga(t) — /28107 o (1) + Kra(t)
(33)

By substituting Eq. (28, 30) into (14), we have

0140 = =i(0, — @, )0 — igalt) — i/ Zpagiy(®) — yo,,0)

(34)
d . . .
th(t) = —1(we - wT>UTe(t) —iga(t) — 1\/2_ya5.0ut(t) +yo,.(1)
(35)

In the following, we assume that only the input on CM, side is none-
zero, ie, ar i, (t) = ag ;,(t) = 0. Then, by subtracting (31) and (32), we can
get the relation between the input ay ;,(¢) and output ap ,,(t),

00 agin(f) + /2Kzalt) = aR,out(t) (36)
By subtracting (31) and (33), we have
= /2105 ;,(t) + xa(t) (22)
. aT‘out(t) =V 2K'l'a(t) (37)
where we have used the relation”
By subtracting (34) and (35), we have
t t
/ / / ! / / ! 1
[ 5= = [ g0~ =310 co<t<t. @) s oult) = —iy/270,.(0 (38)
and the assumptions (J= R,T) In addition to the above relations, we next calculate the steady-state
solution of the dynamic Eq. (31, 32, 34) by assuming that the cavity-atom
1 00 . system is driven by the input light field with frequency w. We suppose that
4 (t) = —— / by (w;. Ty e (T d, 4 Y the input ligh dneney PP
’ V2n) —x .
agin(t) = “i,me_lwtv
1 OO iw (T, —t)
a]-,out(t) = 7/ b] (wP TOu )e }( o dw] (25) ;
A/ 2n —00 ' a(t) — (xe—lwt’
ag ., (1) - L h b (wg, T, )ei“’s(T'"ft)dw (26) ~ —iwt
S,in «/ﬂ o S\®S» Lin S gTe(t) — e uu’
1 * iwg(Toy—t) _ —iwt
as oue(t) = N 700”5 (wss Toye) €™ davg (27) ag oue(t) = ag 1,7,
Similarly, fr Egs. (19)-(21), h —iw
imilarly, from Egs. (19)-(21), we have O (D) = e,
y [~ _ e - A
\/;/700b5(w5, t)de = zyas_,in(t) - IVUTe(t) (28) astout(t) — “S,lTe_lwt (39)
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Then, we can obtain that

[—i(w, — @) — K — Ky | — ig0 — \/2Kz05,, =0 (40)
[—i(w, — ) + K — x| — igo — \/ﬂa&m =0 (41)
[—i(we —wy — w) - y}E —iga=0 (42)
It is not difficult to get that
Ky = (= @) + kot 1] [i(we % w) + y] e a (43)
m[i@e —wy — w> + y]
[i(w, — ) — g + x] [i(we —w; — w) + y} +g°
agip = — o
m[i<we —wy — w) + y]
(44)

Equation (43) shows that when the input increases, the intensity of the
cavity field also increase, resulting in the condition Eq. (15) not being
satisfied.

With Egs. (43) and (44), we can calculate Eq. (2). Suppose that the

cavity and the external field are resonant, ie, w=w., and
A=w,—w; — 0 =w, — w, we obtain
OR 11 2Kp (iA + y)
=1- : ; (45)
%14 (KR + KT) (IA + Y) +8

By using Egs. (37) and (38), we can also have Eqs. (3) and (4), which are

@it _ 2 /KKy (iA + y) (46)
X514 (KR+KT) (iA+ Y) + g
g 14 2 /KR Y8

%11 N (kg + rr) (A +y) + & (47)

Cattiness calculation
Taking into account all possible light losses, the final state of the system after M

cycles can be expressed as |y;) = Jii(|COT)|lossT)| 1)+ 1Coy M loss )| 1)) =
L5010 + 1D + 501 = DIy,
atom, the light field collapses to state |y _,,) =

After measuring the
%(ICOT) [loss,) +
(=1)1C, )loss|)) with equal probability. Its corresponding density
matrix is denoted as |1//C> (v, | By tracing over the loss terms, the resulting
reduced dsensity matrix is obtained, represented as

Cot){Cot| +%|CO¢><C0¢’

1
pP= Trloss{|‘/’c><l//c}} = E|
1 1
+H=D5 (loss, [loss, )| Coy ) (Coy | + (=1)° 2 (loss [loss| }|Co, )(Coy |
(48)

By substituting p into the definition of cattiness™ "

C,=—Tr[p-L(p)] (49)

with L(p) = apa™ — 1 pa*a — La*ap, we can obtain that

o0 o0

Z V|papa+|1/ +Zl/(l/|p2|1/)

v=0 v=0

(50)

where |v) represents Fock state. Utilizing the following expressions

G="11

col2 CV.
iCy) = et Z - G,
we have
1 2 2 2
CG=7 <|<IOSST}IOSS¢>| = [{Cot[Coy) )|COT =Gyl (52)

For comparison, we also give the expression for fidelity here, which is

a)(loss, |loss, >] }
(53)

£ = { (el P+ I~ alCo) P + 2Re[(alCor) (Cor| -

It can be easily seen that the fidelity is related to |(loss;|loss, )|, while the
cattiness is related to |(loss;|loss; )|, and thus is more sensitive to light loss.

Data availability
All data generated or analyzed during the simulations of study are available
from the corresponding author on reasonable request.

Code availability

The code employed to generate the simulations presented in this work is
available upon request. Interested parties may inquire about access to the
code by contacting the corresponding author.
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