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Greenberger-Horne-Zeilinger and W states feature genuine tripartite entanglement that cannot be con-
verted into each other by local operations and classical communication. Here, we present a dissipative
protocol for deterministic interconversion between Greenberger-Horne-Zeilinger and W states of three
neutral Rb atoms arranged in an equilateral triangle of a two-dimensional array. With three atomic levels
and diagonal van der Waals interactions of Rydberg atoms, the interconversion between tripartite entan-
gled states can be efficiently accomplished in the Floquet-Lindblad framework through the periodic optical
pump and dissipation engineering. We evaluate the feasibility of the existing methodology using the exper-
imental parameters accessible to current neutral-atom platforms. We find that our scheme is robust against
typical noises, such as laser phase noise and geometric imperfections of the atom array. In addition, our
scheme can integrate the Gaussian soft quantum control technique, which further reduces the overall
conversion time and increases the resilience to timing errors and interatomic distance fluctuations. The
high-fidelity and robust tripartite entanglement interconversion protocol provides a route to save physical
resources and enhance the computational efficiency of quantum networks formed by neutral-atom arrays.
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I. INTRODUCTION

Quantum information processing relies crucially on
multiparticle entanglement, an essential feature of quan-
tum physics [1-10]. It has been demonstrated that
Greenberger-Horne-Zeilinger (GHZ) state and W state
belong to different entanglement classes, and hence are
not equivalent under local operations assisted by classical
communication [11,12]. Any single-qubit loss in a three-
particle GHZ state brings the other two to a mixed state
with just classical correlation. In contrast, this does not
completely damage the pairwise entanglement in a three-
particle W state, in which the remaining pair of qubits
retain the greatest possible amount of entanglement com-
pared to any other three-qubit state. Such fundamentally
different characteristics can be utilized to solve distinct
tasks in quantum information processing. For instance,
GHZ state can be employed in quantum sensing to bring
the sensitivity down to the Heisenberg limit [13—17], while
W state is a preferred candidate of ensemble-based quan-
tum memory since it is more robust than GHZ state

*shaoxq644@nenu.edu.cn
Tweibin.li@nottingham.ac.uk

2331-7019/23/20(1)/014014(19)

014014-1

upon loss of a particle [18-21]. In terms of quantum
resources, these two entangled states have different compu-
tation power. D’Hondt and Panangaden have shown that,
in the context of paradigmatic problems from classical dis-
tributed computing, the GHZ state is the only pure state
capable of solving the distributed consensus problem with-
out the need for classical postprocessing, and the I state
is the only pure state capable of solving the leader elec-
tion problem in anonymous quantum networks precisely
[22]. Due to the potential applications, GHZ state and W
state of three or more qubits have attracted much attention
in both theory and experiment [23—30]. A major issue of
concern is the direct interconversion between them, which
improves the computing efficiency of future quantum net-
works [31,32]. The existing inventive techniques, achieved
in linear optical systems [33,34], cavity quantum elec-
trodynamics systems [35,36], nuclear magnetic resonance
systems [37], and spin-chain systems [38,39], are either
probabilistic, irreversible, or require complicated interac-
tions. This motivates us to search for alternative solutions
to realize a high-fidelity state interconversion protocol.
Neutral-atom systems have become a promising plat-
form for quantum computing and quantum simulation
[40-51], due to their inherent long lifetime in electronic
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ground states and strong dispersive two-body interactions
in Rydberg states. On the other hand, experimental tech-
niques have rapidly developed to arrange a large number
of atoms in defect-free and programmable geometry in var-
ious dimensions while retaining individual addressability
[52—58]. Based on neutral atoms, deterministic intercon-
versions between tripartite GHZ and W states have been
explored theoretically [59—62], in which logical qubits are
encoded in the hyperfine ground state and electronically
excited Rydberg state. A common feature of these schemes
is that the interconversion operation is beyond the Ryd-
berg blockade regime (i.e., via facilitation). Furthermore,
it requires time-modulated pulses of different optical fre-
quencies and Rabi frequencies to couple states among
the whole Hilbert space of the three-particle symmetric
states. As a result, several practical limitations need to be
addressed in the aforementioned protocols. First, the facil-
itation condition (Rydberg antiblockade) demands precise
control of the laser detuning to compensate for interactions
in Rydberg levels. This poses experimental challenges as
geometry imperfection of atom arrays cannot be ruled
out completely [42,63—65]. Even tiny variations of inter-
atomic spacing cause large energy shifts [66], invalidating
the facilitation condition. Second, polychromatic driving
fields are needed to precisely control the Rabi frequencies.
Though crucial, such time-dependent coupling increases
experimental difficulties [67—70]. Third, since the logic
qubit is encoded in the Rydberg state, atomic spontaneous
emission will inevitably play roles during the interconver-
sion, and hence decreases the fidelity [71-74]. Moreover,
the purity of the entangled state cannot be ensured if the
dynamics are no longer unitary.

In response to the aforementioned difficulties, we pro-
pose a dissipative interconversion scheme between the tri-
partite GHZ and W states using Rydberg atoms arranged in
triangular arrays (Fig. 1). Based on A-type atomic levels,
the dynamic evolution of the system is characterized by a
Markovian master equation, where the coherent evolution
is provided by the laser-atom interaction and the dissipa-
tion is provided by the controlled spontaneous emission.
Employing the periodic pump and dissipation engineering
[75-77], we achieve deterministic interconversion of the
above-entangled states in the Floquet-Lindblad framework
by altering the order of coherent driving fields [78—82].
Our protocol offers the following benefits: (i) The inter-
acting Rydberg states are virtually excited during the Ryd-
berg pump process. Unlike Rydberg antiblockade-based
protocols [59—62,65,83], our approach is robust against
variations in atomic location. (ii) We need only two inten-
sities and frequencies of the laser to drive each pair of
ground and excited states, which reduces the demand for
laser power and renders the laser insensitive to fluctua-
tions in intensity. (iii) The essential distinction between
our method and previous ones is that we use spontaneous
emission as a resource, allowing us to encode the qubits
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FIG. 1. Controllable coherent and incoherent operations in

a neutral-atom triangular array. The A-type three-level atom
consists of two hyperfine ground states |0) and |1), and a Ryd-
berg state |r). The laser-atom interaction models in (b) and (c)
realize the required entangled pump and selective excitation,
respectively, and (d) depicts two distinct engineered spontaneous
emission processes.

in the atomic ground states. This loosens the restriction on
initial state purity. The above advantages ensure that we
can accomplish a high-fidelity and robust interconversion
for two different kinds of genuine tripartite entanglement,
which may save physical resources and boost the comput-
ing efficiency of quantum networks realized with neutral
atoms.

The structure of this paper is organized as follows.
We present both the coherent and the incoherent oper-
ation steps in Sec. II, which are essential components
in the construction of a quantum state interconversion
mechanism. In Sec. III, we establish the scheme for the
conversion from the GHZ state to the I/ state, as well as
the reverse procedure, for three Rydberg atoms arranged
in an equilateral triangle. The performance of the scheme
is illustrated through numerical simulation. Within the
Floquet-Lindblad framework, we validate the uniqueness
of each process’s steady state. Section IV delves into
the experimental feasibility, including robustness to laser
phase noise, the influence of distance fluctuations, and tim-
ing errors. We also compare our system to earlier schemes
based on unitary evolutions. We conclude our work in
Sec. V.
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II. CONTROLLABLE COHERENT AND
DISSIPATIVE OPERATIONS IN RYDBERG ATOM
ARRAYS

The system under investigation consists of three neutral
87Rb atoms arranged in an equilateral triangle, embedded
in a larger two-dimensional array, as shown in Fig. 1(a).
Such two-dimensional arrays, with tens to hundreds of
atoms, have been experimentally realized recently. Each
atom can be individually controlled, whose spacing can
be adjusted from 3 to 10 pwm [52—58]. We consider a A
transition, which consists of a Rydberg state |r), and two
hyperfine ground states given by |0) and |1), as depicted
in Fig. 1. In Rydberg states, atoms interact strongly via
distance-dependent van der Waals (vdW) interaction [44].

The interconversion scheme involves four coherent
operations and two dissipative operations. All can be
realized and controlled by laser-atom couplings. The con-
figurations of the coherent operations are depicted in
Figs. 1(b) and 1(c), whereas Fig. 1(d) illustrates the dis-
sipation processes. They form the fundamental building
blocks of quantum state interconversion. The function and
realization of the above operations are discussed below.

A. Coherent operations

In the coherent operation shown in Fig. 1(bl), two
ground states |0) and |1) are coupled to Rydberg state |r)
by a resonant (Rabi frequency €2;) and an off-resonant laser
(Rabi frequency 2; and detuning —A), respectively. More
details about the lasers can be found in Appendix A. In the
interaction picture, the corresponding Hamiltonian reads
(h=1)

> Q Q
o 2
H(bl Z 7 At|l"j 1 | + 7|r])(0]| + H.C.
Zum,m®mm| (1)
<k

where U,, = Cs/R® is the vdW interaction with C¢ and
R being the dispersion coefficient and interatomic dis-
tance. In a strongly interacting regime provided U,, =
A > Q) > Qp, multiple Rydberg excitation can be adi-
abatically eliminated, and the dynamics of the system are
restricted to the ground state and a single Rydberg exci-
tation sector. This yields an effective Hamiltonian of the
three atoms,
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where we define superposition states, |Dg) = (|r00) +

10,0) + 100r)/+/3, 19) = (1071) — 017)/~/2, 1¥r§) =

(Ir01) — 110)/~/2, 193) = (Ir10) — [1/0)) /v/2, W) =
(2[100) — [010) —001))//6, and  |Wy) = (|010) —
1001))/+/2 with [ijk) = |i1) ® |j2) ® |k3) standing for
three-atom Fock state. The derivation of the effective
Hamiltonian can be found in Appendix B. Here, emphasis
should be placed on two points. First, due to the presence
of the Rydberg blockade effect, the system can be excited
to a maximum of a single-excitation subspace. Second,
we employ a mechanism similar to electromagnetically
induced transparency (EIT) so that in addition to states
containing two or more atoms in |1) being unaffected, there
exists a peculiar entangled state |W,) = (|100) 4 |010) +
|001))/+/3, which is also the dark state of Eq. (2). Since
Eq. (2) can pump the separable ground states through
the |0) — |») transition to the entangled states, we refer
to this dynamic process as entangled pump 0 (EPO) for
convenience of subsequent discussion.

Now if we exchange the parameters of the two laser
fields driving the atom from the ground states to the Ryd-
berg state, we can obtain the model of Fig. 1(b2) and its
effective Hamiltonian

\/gz ~/_2

Hgpy = (YD) + [N

|D1)(111] —
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with [D1) = (|r11) + |1r1) + [117) /~/3, 19) = (|[170) —
110,)/+/2, [¥]) = (Ir10) — [017)/~/2, |¥7) = (Ir01) —
071))/~/2,1W}) = (2[011) — |101) — |110))/+/6,  and
|W) = (]101) — |110))/\/§. By this, the temporal evo-
lution of the state |W;) = (|110) 4 |101) + [011))/+/3 is
frozen. Correspondingly, we call this dynamic process
entangled pump 1 (EP1).

In Fig. 1(c1), we employ two driving laser fields simul-
taneously to couple the transition between state |0) and
Rydberg state |r). The Hamiltonian in the interaction
picture is provided by

3
Q . Q
Heny = E 716_1At|rj)(0j| + 72
j=1

+ 2 Ul @ lrid . @)

j<k

|7;){0;| + H.c.

By using a similar process for derivation from Egs. (1)—+2),
the effective Hamiltonian under the condition U,,, = A >
Q1 > Q, is obtained as (see Appendix B)

Q
Hepo = 72(|r11)(011| +171)(101] 4 |117)(110]) + H.c.
(5)
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In contrast to Eq. (2), the action of Eq. (5) will excite only
the atom in the separable ground state to the associated sin-
gle excited state through the |0) — |r) transition when all
other atoms are in the uncoupled state |1). Consequently,
we refer to this process as selective excitation 0 (SEO).

Similarly, we can apply two lasers to the transitions
between state |1) and Rydberg state |») under identical cir-
cumstances to achieve the following selective excitation 1
(SE1) Hamiltonian:

Q
Hsgy = 72(|r00><100| +1070)(010] 4 |007) (001]) + H.c.
(©)

In the above equations, we make certain approximations.
The accuracy of the effective Hamiltonian has been vali-
dated by comparing the dynamics of the full Hamiltonian,
which is shown in Appendix B. These simulations show
an excellent agreement with the results obtained by the
effective Hamiltonian.

B. Dissipative operations

Here we propose a quicker convergence approach to
the desired state using a larger relaxation rate. To fulfill
the demands of our scheme and speed up the spontaneous
emission of the Rydberg state, we build two engineered
spontaneous emission channels, as illustrated in Figs. 1(d1)
and 1(d2), respectively. The corresponding dynamics are
characterized by the master equations

o = T1D[|0){r[]p, (7)
and

)

5 (DL} (rl]e + DlIL)r]e), ®)

o=
where D[e]p = ep o' —(o' @ p + p o' 8)/2, and the effec-
tive decay rate I'; = Qéj /v; G =1,2) with yfl (y{l)
being the lifetime of 5P3,, (5P1,;) and 4, (24,) the Rabi
frequency resonantly coupled to the transition between
the intermediate state 5P3/, (5P;,,) and Rydberg state |r).
Both effective decays can be adjusted to a rate signifi-
cantly greater than the spontaneous emission rate y, of the
Rydberg state (see Appendix C). Note that in Eq. (8), the
engineered decay rates of |r) to |0) and |1) are considered
to be equal for simplicity. In general, the branching ratio
will vary depending on the specific atomic energy levels
selected, however, it does not affect the scheme’s perfor-
mance. Based on the different decay modes of the system,
we here divide these two processes into conditional decay
(CD) and unconditional decay (UCD). Unlike the earlier
demonstrations of dissipative protocols with continuous
driving fields [84—87], our scheme does not rely on a deli-
cate balance between unitary and incoherent evolution, and
leads to a faster decay process.

I11. DISSIPATIVE INTERCONVERSION
BETWEEN GHZ STATE AND W STATE

A. GHZ-to-W state conversion Z

This section describes the dissipation-based one-way
conversion of Z from state [GHZ_) = (|000) — |111))/+/2
to state |Wy). To demonstrate the benefits of the strategy,
we choose a generic mixed state in the ground-state sub-
space rather than the pure GHZ state as the initial state to
analyze the specific steps of the scheme. As illustrated in
Fig. 2, the entire conversion Z consists of multiple cycles,
each containing six steps.

Step (1): We begin with a laser-cooling-prepared ini-
tial state of the form p(0) = a;|Wo) (Wo| + az|Wy) (W] +
a3 | W) (Wl + aal W) (1| + as| W) (W) + asl W) ()| +
a7|GHZ ) (GHZ, | + ag|GHZ_)(GHZ_|, where Y "> | a; =
1 and |GHZ,) = (|000) + [111))/+/2. Under the action
of EP1 of Eq. (3), states |GHZ..) are excited to (J000) &
|D1))/\/§ at time t; = 7T/(«/§522), while the populations
of states |W1> and |W1/) are partially converted to the cor-
responding single-excitation subspace {|1p11), |¢12>, |1//13)}.

Step (2): We switch off the coherent driving EP1 and
switch on the dissipation channel CD for some time #, = 1
until the Rydberg state |r) completely decays into state
|0), and this process leads to a one-way increase in the
population of state | ).

Step (3): To destabilize the population of state |W;)
in step (1) while keeping the target state |W,) con-
stant, we employ the SEO of Eq. (5). A time of #; =
/2, causes the states |W)), |Wl), and |Wl/) to trans-
form into |Dy), (2|r11) — |1r1) — [117))/4/6, and (|1r1) —
[117))/ V2, respectively.

Step (4): We turn off the coherent driving SE0 and
restart the dissipation channel CD for a period #; = 71, and
we see a further rise in the population of the target state
[W5).

Step (5): Similar to step (1), we implement EPO of
Eq. (2) to pump atoms from the ground states |GHZ.)
upwards to (|Dg) + |111))/\/§ as ts = n/(ﬁQz). Corre-
spondingly, other states |W0) and |Wg) will superimpose
with the single-excitation subspace {|¥/}), |¥2), [¥3)}-

Step (6): We deactivate the coherent driving EPO and
activate the engineered dissipation UCD for a duration
ts = T, that guarantees the Rydberg state will completely
decay into the ground states. As a result, the population of
the state |W;) grows once again.

To make concrete simulations that are relevant to cur-
rent experiments, we consider the Rydberg state |r) =
|80S1/2,m; = 1/2), and two hyperfine ground states |0) =
|5S]/2,F = 2,mp = 2) and |1> = |5S1/2,F = l,mp = 1)
as the relevant levels depicted in Fig. 1. The separa-
tion between atoms is set to be greater than 5 wm since
the dispersion coefficient Cs/(27) = 4161.55 GHz (um)°®
of the vdW interaction is highly compatible with the
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FIG. 2. The steps for the scheme of conversion Z in each cycle. The top portion of the figure depicts the timing of each step, while
the bottom portion depicts how each step influences the states of the system. In steps (1) and (5), we utilize the entangled pump to
destroy the populations of [000) and |111) by selecting the time 1, = #5 = 7/(+/3£2,), while leaving the populations of [#,) and |¥;)
unchanged, respectively. Step (3) implements the selective excitation for state |0) to destabilize the steady state |#;) of step (1). Steps
(2), (4), and (6) are the engineered dissipative processes, with steps (2), (4) utilizing CD and step (6) using UCD.

nonperturbative calculations [88]. After 18 cycles, the sys-
tem that was originally in state |GHZ_) is converted to
state | W) with a probability of more than 99%, as shown
in Fig. 3. In the simulation, the spontaneous emission of
the Rydberg state has been taken into account in each step,
which barely affects the conversion efficiency.

Conversion Z

1.0
—O—|Wo)
0.8 |GHZ_)| 1
@ Lt ity 15
£0.6} ' ’ ’ 1
g S —ly— -« tg>
Z
a? 0.4} 1
0.2F —0— 1
0.0
P 0 0.04
0.0 1
0.0 0.15 0.3 0.45 0.6 0.75
Time (ms)
FIG. 3. The temporal evolution of populations for states

|GHZ_) and | W;) during the conversion process Z. The parame-
ters are selected as 2; = 2w x 4 MHz, Q; = 27 x 0.04 MHz,
U,=A=2m x200 MHz, I'y =27 x 0.2424 MHz, I'; =
2w x 0.23 MHz, y, =27 x 0.28 kHz, 7y ~3 ps, and 1, >~
6.7 ps. The corresponding relaxation time is about 0.715 ms. The
inset depicts the population changes in the two states throughout
the first cycle.

B. W-to-GHZ state conversion Z7Z

We now turn to examine the unidirectional
conversion Z7Z from state |W,) to state |GHZ_)
dissipatively. Without loss of generality, we continue to
utilize p(0) = a1 |Wo) (Wol + asl Wo) (W, | +as | Wo) (W | +
as| W) (W] + as|W\) (W] + as|l W) (W] + a7|GHZ,)
(GHZ. | + ag|GHZ_){GHZ_]| as the initial state of system.
Each cycle of the scheme, much like the conversion Z,
consists of six steps, as depicted in Fig. 4.

Step (1): We achieve SEO of Eq. (5) to drive the tran-
sition from the state |0) to the state |r), and then pump
the states |I), |Wl>, and |Wl/> in the ground-state sub-
space to |Dy), (2|r11) — |1r1) — |117))/+/6, and (|1r1) —
[117)) /ﬁ after | = w/<2,, while all other states stay
unaffected.

Step (2): To raise the population of target state [GHZ_)
in a unidirectional manner, we turn off the coherent driv-
ing SEO and turn on the engineered dissipation UCD for a
duration ¢, = T, sufficient to allow the Rydberg state |r) to
entirely decay into the ground states |0) and |1).

Step (3): We employ SE1 of Eq. (6) to pump the
states | 7)), |WO), and |W(;> from the ground-state subspace
to states |Dy), (2700) — |0r0) — |00r))/\/3, and (]0r0) —
|007)) /+/2 with the same action time 13 = 77/ 2, as we did
in step (1).

Step (4): When we resume the dissipation channel UCD
for a time interval ¢4 = 1, after switching off the coherent
driving Hgg;, the population of state |[GHZ_) continues to
Srow.

Step (5): The first four steps can guarantee a pro-
gressive rise in the population of the mixed-state
system made up of |GHZ,)=(+++)+|+—)+
|—+—)+|——+)/2 and |GHZ_)=(———)+ |+
+—)+ |4+ —+) + | — ++))/2. To further purify the sys-
tem, we combine the coherent driving in steps (1) and
(3) to simultaneously drive the transition from states

014014-5
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FIG. 4. The steps for the scheme of conversion ZZ in each cycle. In steps (1) and (3), we employ the selective excitation to drive
atoms into single-excitation subspace with time #; = t3 = 7w/ 2,, respectively. Step (5) employs selective excitation acting on state
|+) to eradicate the population of |GHZ ) with time ts = 7/ (V20). Steps (2), (4), and (6) are the engineered dissipative processes

constructed by the UCD.

|0) and |1) to state |r), thereby realizing the following
form of Hamiltonian Hgg, = 92/\/5(|r -+ —-—|+
| —r—){(—+—| 4+ | ——r){(— — +|) + H.c. Governed by
this Hamiltonian, some components (such as |+ ——),
| —+—), and | — —4)) in state |GHZ,) may be fully
pumped to the single-excitation subspace corresponding
to the time #5s = 7/(+/282,), while the target state |GHZ_)
remains stable. Note that these components also exist in the
superposition states of the other six states with the forms of
LN 2(IW0) + 1)), LN 2(1 W) + 7)), and 1/+/2(1W5) +
|W))), but we do not depict the associated transition
process in order to highlight the importance of this step.

Step (6): We reactivate the engineered dissipation UCD
for some time #; = 1, to redistribute the populations of
ground states, and the population of |GHZ_) will be
enhanced once more.

In Fig. 5, the temporal evolution of populations for
states |Wy) and |GHZ_) during the conversion process
I7T is shown. We find that after 18 cycles approximately
(0.973ms), the system has arrived at the desired state
|GHZ_) with a probability that is greater than 99%.

Now we finish the interconversion between the GHZ
and W states of Rydberg atoms based on periodically col-
lective laser pump and dissipation. The population of the
target state progressively increases with each cycle, and the
required time is significantly shorter than the continuous
driving protocols from the perspective of dissipation. What
is more, the employment of coherent pump and dissipation
in alternating fashion removes the dependency on extra
degrees of freedom (such as optical cavities and motional
mode of trapped ions) [26,89,90], considerably reducing
the operational complexity of the experiment.

C. Unique steady state in the Floquet-Lindblad
framework

In the previous subsections, we introduce dissipative
quantum state interconversion and demonstrate its
feasibility through dynamic evolution. This part

establishes that the target state of the related quantum state
conversion process is the unique steady state using more
rigorous mathematical and numerical methods. With the
help of Fock-Liouville space [91], we can map the den-
sity matrix p = Zﬁ\;:l pijli){j | of the three-atom system
defined in 27-dimensional Hilbert space into

N
1)) =Y pigli) ® i),

=1

©)

Conversion Z7

1.0 I I I I 1
|GHZ_)
0.8F -o-[Wo) | 1
2
'9 06 B
k=
2,
a? 0.4rF
0.2F
0.0r
0.0 0.2 0.4 0.6 0.8 1.0
Time (ms)
FIG. 5. The temporal evolution of populations for states |7;)

and |GHZ_) during the conversion process ZZ. The parame-
ters are the same as in Fig. 3. The inset depicts the population
variations in both states during the first cycle.
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FIG. 6. The variations of purity Py, population Py ), and
spectrum (in the unit of 27 x 1 MHz) of the effective Liouvillian
matrix /jeWﬂﬁG) with 2,/ for the dissipative preparation of W
state (left panel) and GHZ state (right panel). The parameters are
chosen as Q1 =27 x 4 MHz, U,, = A =27 x 200 MHz, and
other parameters are consistent with Figs. 3 and 5, respectively.

and the time evolution of the system now corresponds to
the matrix equation

dip))
7 = L|p)),

(10)
where £ is the Liouvillian superoperator whose spectral
properties determine whether there is a unique steady state

in the dissipative system. For a time-independent L, it is
easy to get the evolution of the system in the form

10 (1)) = | p(0))). (I
Since our scheme uses periodic pump and dissipation, the
effective Liouvillian superoperator for each cycle can be
expressed in logarithmic form as

G _ L1 e st st o
ﬁeﬂg ) — ?ln(e£6t66£5t56£4t4eﬁ3t3eﬁztzeﬁltl),

(12)

where the period T = Zf:l t; and the subscript indi-
cate the step in each cycle for preparation of W (GHZ)
state. By denoting the eigenvalues of EAZVE(G) as Apg), We
describe the variations of the modulus of Ay concern-
ing 2,/ in the x-y plane of Fig. 6, where there is
always a zero eigenvalue (green dash-dotted line), which
indicates that the dissipative system has a unique steady
state. Upon further investigation of the quantum state
corresponding to the zero eigenvalue by specifying the
purity Py = Tr(p?) (blue empty square) and popula-
tion PW(G) = (W()(GHZ_)l,OlW()(GHZ_)) (yellow empty
circle) in the x-z plane, it is discovered that when €2,/ 2,
is within 0.025, the system may be stabilized with high
fidelity in the target state. This proves once again the
accuracy of the preceding approximation criteria (2, >
Q).

IV. DISCUSSION OF THE EXPERIMENTAL
FEASIBILITY

A. Robustness against the laser phase noise

The phase fluctuations of the classical field are the typ-
ical decoherence factors in Rydberg atom experiments,
which have been effectively controlled in recent experi-
ments [92-94]. In Ref. [95], the laser linewidths are opti-
mized to be less than 1 kHz when the Rydberg-excitation
lasers are frequency stabilized by the Pound-Drever-Hall
technique with a tunable reference cavity and the phase
noise of the excitation lasers is further suppressed by
nearly 3 orders below 1 MHz by employing the transmitted
light from the high-finesse cavity to install an extra injec-
tion lock in the laser diodes. To accurately measure the
influence of laser phase noise, it is mathematically neces-
sary to obtain the power spectral density of noise or the
related frequency spectral density [96,97]. These quanti-
ties are closely related to specific experiments and are not
suitable for general discussion.

In recent theoretical work, Jiang et al. developed a
model to identify the characteristics observed in the laser
self-heterodyne noise spectrum, and in the weak-noise
regime, the analytical theory is in good agreement with
the numerical simulation including the phase noise [98].
This study motivates us to use the time-series expansion of
the laser noise to examine the impact of laser noise on our
proposal. Since the resonant laser dominates the effective
dynamics of the system, we are primarily concerned with
the influence of the phase noise of the Rabi frequency €2,.
By introducing a random phase ¢ (¢), the Rabi frequency
can be modified as

Q) — 2,60, (13)
where the time traces of the laser phase fluctuations are
defined as [99,100]

G =) 2. /Sp(f)Af cosQ@rfit+¢),  (14)

j=1

where S,(f') is the laser phase power spectral density,
Ji =Jj Af, and the random variables ¢; are uniformly dis-
tributed over [0,27]. For the numerical solution of the
master equation by the Runge-Kutta method, the time
traces of the laser frequency fluctuations are more useful,
ie.,

1 do > .
Su(t) = = —;2,/351,(;;)@‘ sin2rfit + ¢;),
(15)

where S5, (f) =f2S,(f) is the laser-frequency power
spectral density. Here we suppose the error is dominated by
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the white-noise background with constant noise spectrum
Ssy = ho, and a frequency bandwidth of fy;» = 10 MHz
is large enough for our purpose, where M /2 = 500 is
the number of discrete frequency components and At =
1/(M Af") according to the Nyquist sampling theorem. In
Figs. 7(a) and 7(c), we first consider a typical white-noise
amplitude (ko = 400 Hz?>/Hz) and investigate the Rabi
oscillation of some representative quantum states, such as
states |000) and |Dy) governed by Hgpg, and states |110)
and |117) governed by Hsgg, respectively. The average
results indicated by scattered points over 100 realizations
(thin lines) display a slow damping of the oscillation. Cor-
respondingly, Figs. 7(b) and 7(d) show the average of
five realizations of quantum state conversions under the
same conditions. For step 5 in the W-to-GHZ state con-
version 77, we assume for convenience that both laser
fields with Rabi frequency €2, have the same noise spec-
tra. We see that at the end of the scheme (after 18 cycles),
the populations of W state and GHZ state can still reach
99.17% and 99.56%, respectively. The dephasing effect
becomes more obvious with a bigger white-noise ampli-
tude (kg = 2000 Hz> /Hz). As shown in Figs. 7(e) and 7(g),
the 1/e coherence times are both less than five Rabi cycles.
Nevertheless, since our scheme alternately uses pump and
dissipation, we care only about the efficiency of the first
half of the Rabi cycle. Even if the quantum states do not
completely flip in the unitary dynamics process, the sub-
sequent dissipation and cyclic evolution can still make the
population of the target state gradually accumulate. It can
be seen from Figs. 7(f) and 7(h) that after 18 cycles of evo-
lution, the populations of W state and GHZ state remain at
98.85% and 99.31%, respectively. This demonstrates that
our scheme is resistant to laser phase fluctuations.

B. Effects of distance fluctuations and timing errors

In the derivations of the entangled pump and selective
excitation, we need an equation identical to the facili-
tation condition: U,. = A. This condition is difficult to
strictly achieve in realistic physical systems, due to the
thermal motion of atoms caused by finite temperature.
Intuitively, a violation of this equation would have a detri-
mental impact on the scheme. Nevertheless, it should be
noted that our approach employs this requirement to pre-
vent the atoms from being pumped from a single-excited
state to a double-excited state (analogous to the EIT pro-
cess), so the double-excitation Rydberg states are virtually
excited. Within a given fluctuation range of atomic spac-
ing, it is thus still possible to reach the desired state with
great precision. The atomic vibration also changes the opti-
cal intensity that the atoms experience, and when this is
combined with the intensity fluctuations that are inher-
ent to the laser fields themselves, the Rabi frequency used
to characterize the coupling strength between the external

field and the atom cannot remain constant. For the coher-
ent operations required by our scheme, which depends on
the evolution time, the influence of the fluctuations in the
Rabi frequency (particularly for €2,) can be equivalently
reflected as the errors in the time selection.

Refer to the experimental setup [101], single ®’Rb atoms
at temperature of roughly 30 pwK are trapped in opti-
cal traps with a wavelength of A, = 850 nm and a 1/¢?
radius of wr =1 pm. For a power of about 3.45 mW,
the trap has a typical depth Ur =1 mK. Under these
parameters, the trap frequencies are w, = 27 x 18.99 kHz,
wy,y = 2m X 99.26 kHz, resulting in the position uncer-
tainties of o, = 452.67 nm and o,, = 86.6 nm. The cor-
related vdW energy displacement was calculated in Ref.
[102] as 8U,. = 6|U,(Ro)|SR/Ry, with 8R ~ /20, for
two neighboring atoms separated by an average distance
Ry = (R, 0,0). For the vdW potential employed in the
simulation, U,, = 2w x 200 MHz, which corresponds to
the interatomic distance Ry = 5.2445 wm, the energy dis-
placement of the vdW is about 8U,. ~ 27 x 28 MHz. In
Figs. 8(a) and 8(b), we replicate the effect of distance
variations on the conversions Z and ZZ across a greater
range R € [—200 nm, 200 nm] and apply the errors of 67 €
[—0.2¢;,0.2¢;] to the action time of the rectangular pulse
of Rabi frequency €2;. Our approach has some resistance
to these two variables. Due to the benefit of dissipative
dynamics, the performance of the interconversion process
may theoretically be further enhanced by increasing the
number of cycles.

Alternatively, the robustness of the scheme may be
improved by substituting rectangular pulses with Gaussian
pulses without changing the number of cycles. This tem-
poral modulation significantly suppresses the nonresonant
contribution of the interaction while remaining insensitive
to the operation time [103,104]. Now we change the time-
independent Rabi frequency €2, into a time-dependent
Gaussian form

(16)

(t— 20‘)2
Q,(f) = Qoexp [—T} ,

where € is the maximum amplitude and the FWHM pulse
duration is 2,/2log 20 . For the coherent pump processes
necessary for quantum state interconversion, the following
connection is often required:

40 t—2 2
/ a2pexp [—l} dt =,
0

757 17)
where o = +/3 for steps (1) and (5) of Z, & = /2 for step
(5) of ZZ, and o = 1 for the rest of the coherent driv-
ing processes. Note that we apply the constraint that the
pulse area of m must be attained within a limited period of
40, thus the associated parameter o can be determined as
follows:
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FIG. 7.

Influence of laser phase noise on the Rabi oscillation and quantum state interconversion. (a),(c) illustrate many simulated

Rabi oscillations and their average of some representative quantum states with a typical white-noise amplitude of 4y = 400 Hz?/Hz.
(b),(d) show the corresponding average of five realizations of quantum state conversions with the same noise parameter. The contents
of (e),(g) are similar to that of (a),(c), with the exception that the noise amplitude is set to 4y = 2000 Hz? /Hz. Similar to (b),(d), (f),
(h) exhibit the same temporal evolution process at a noise level of #y = 2000 Hz? /Hz.

=
 V2aQEr[V2]

In Figs. 8(c) and 8(d), we examine the effects of dis-
tance errors and timing errors on the dissipative quantum
state interconversion process under the same number of
cycles with Qg = 27 x 0.072 MHz. In comparison to the
rectangular-pulse (RP) schemes, the Gaussian-pulse (GP)
schemes can further increase the resilience of the distance
fluctuations between atoms, and even shortens the prepa-
ration time for the W state and the GHZ state by 34.5 and
43.3 ws, respectively.

(18)

C. Comparison with unitary dynamics-based protocols

As stated in the Introduction, there are currently
four strategies for the interconversion of GHZ and W
states in neutral-atom systems based on unitary dynam-
ics. These include the Lewis-Riesenfeld invariants-based
scheme [59], the dynamic-symmetry-based approach
[60], the quantum-brachistochrone approach [61], and
the simplified dynamic protocol without a strong off-
resonant laser field [62], respectively. Taking the W-to-
GHZ state conversion ZZ as an example, we repro-
duce the conversion processes of the above four
schemes (diamond) in Fig. 9 with parameters Tig =
17.83 ps, Tps =3.1018 s, T =2.3322 ps, and

To = Tps. The final forms of GHZ states prepared by
these schemes are |GHZ,)) = (]000) + exp[—iEle(Si +
ANTRIITIL) /2, IGHZg) = (1000) + explin/2 — i3
(U = 295(Ag — Up) /(AF — 280U, Ts}111) /32,

IGHZ()) = (/000) + exp{—im/2 — i3[U, — 2Q2% (Ao —

Un) /(D5 = 280U Tp}[111)/v/2, and  |GHZ(q)) =
(]000) + exp(in/2 — 3iU,T)|111))/+/2, where the
definition of each parameter can be found in the corre-
sponding literature. We note that there is always a time-
dependent relative phase between the components of the
GHZ state, which will inevitably cause the final state to be
susceptible to fluctuations in system parameters. Specifi-
cally, we investigate the effects of imperfect initial states
(og = 7/8IWo)(Wol| + 1/8]000)(000]) and fluctuations of
the Rydberg interaction (Uﬁ‘r = U,, £0.1U,, with U, the
desired vdW potential) on these schemes and plot the cor-
responding temporal evolution of populations in Fig. 9.
Compared to the ideal case of each scheme, these two fac-
tors will cause the population of the target state to deviate
significantly from unity. The effect of the fluctuations of
the Rydberg interaction is especially significant, resulting
in a population of less than 50% for the GHZ state within
the parameter range we consider. In Table I, we also list in
detail the populations of the target states based on the RP
scheme and the GP scheme under different conditions and
compare them with the previous unitary dynamics-based
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FIG. 8. (a),(b) illustrate the effects of distance errors and tim-

ing errors by using the rectangular pulse, while (c),(d) illustrate
the same effects by utilizing the Gaussian pulse. (a),(c) represent
the GHZ-to-W state conversion Z, whereas (b),(d) represent the
W-to-GHZ state conversion ZZ.

schemes. It is worth re-emphasizing that the fidelity of the
GHZ state, created through dissipation, can be enhanced
by increasing the number of cycles—a possibility unavail-
able in schemes relying on unitary dynamics. This aspect
holds utmost significance. Additionally, in Appendix D,
we explore the impact of optical frequency fluctuations of
the resonant driving field €2, on the dissipative quantum
state interconversion, and the aforementioned characteris-
tic remains observable in this investigation.

V. CONCLUSIONS AND OUTLOOK

In this work, we present a dissipative technique for
attaining the interconversion between the GHZ and W
states in Rydberg atom arrays. The use of periodic pump

TABLE 1. Comparison of our scheme to previous unitary
dynamics-based schemes under different conditions in the pro-
cess of W-to-GHZ state conversion.

Imperfect

Protocols Ideal case initial state Imperfect U,,

RP scheme  99.32% 99.33% 97.60% (93.97%)
GP scheme  99.55% 99.56% 97.92% (98.27%)
Ref. [59] 99.19% 86.85% 45.12% (45.50%)
Ref. [60] 99.24% 86.83% 44.05% (42.91%)
Ref. [61] 99.44% 87.05% 47.67% (48.11%)
Ref. [62] 100% 87.50% 44.24% (44.24%)

——ideal -A—imperfect initial state — U, U,
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FIG. 9. Time evolution of population for GHZ state in Ref.
[59] (a), Ref. [60] (b), Ref. [61] (c), and Ref. [62] (d) under
different conditions, where T g = 17.83 s, Tps = 3.1018 s,
TQB =2.3322 WS, and To = TDS-

and dissipation, on the one hand, allows us to optimize
the design of coherent and incoherent operations without
requiring a delicate balance between them, and, on the
other hand, can adjust the steady-state form of the system
in a fixed physical system by simply varying the driv-
ing fields, which is the key to achieving the bidirectional
conversion between GHZ state and I state. Numerically,
using the Fock-Liouville space, it is proved that the tar-
get state in each conversion process is the unique steady
state in the Floquet-Lindblad framework. In conjunction
with the experimentally accessible parameters at the cur-
rent neutral-atom platform, the effects of laser phase noise,
interatomic distance fluctuations, and timing errors (inten-
sity fluctuations of the Rabi frequency) on the efficiency of
quantum state interconversion are studied, and it is found
that our current scheme has strong robustness to these fac-
tors. Compared to earlier quantum state interconversion
systems based on unitary dynamics, our work can provide
a higher-fidelity and more robust interconversion for two
different kinds of genuine tripartite entanglement from the
experimental point of view.

Our protocol can be directly generalized to the par-
allel creation of distinct forms of tripartite entangled
states in a two-dimensional array of Rydberg atoms [46].
These entangled states distributed in each unit cell can
be utilized as resource states to build fusion-based quan-
tum computation, which relies on finite-sized entangled
states and destructive entangling measurements to achieve
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fault-tolerant quantum computing [105]. Moreover, the
products of three GHZ states can form a gauge logic bit for
the Bacon-Shor code, which has been proven to be bene-
ficial for fault-tolerant control of an error-corrected qubit
[106]. Thus, our scheme has the potential to be utilized
in these error-tolerant quantum computations involving
Rydberg atoms.

Several additional improvements are possible. We show,
for instance, that the introduction of Gaussian pulses can
stabilize the system into a more resilient target state in less
time than the use of rectangular pulses. Hence, we predict
that alternative types of pulses generated by the optimal
quantum control algorithm would be able to significantly
reduce the execution time of the system while maintaining
the high fidelity of the target state [107—109]. In addition,
although intuitive, the Floquet-Lindblad scenario is only
sufficient but not necessary for the dissipative intercon-
version of quantum states in our physical system. If we
can formulate the necessary coherent and incoherent oper-
ations in the form of the Kraus operators and map them
to the quantum circuit model, we may achieve an efficient
quantum state interconversion protocol by optimizing the
overall quantum circuit [110,111].

We anticipate that our method will provide a fresh per-
spective on the interconversion of GHZ and W states
in neutral-atom systems, and enable the preparation of
more intricate multipartite and high-dimensional entangled
states, which are pertinent to quantum information pro-
cessing. We look forward to its experimental realization
shortly.
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APPENDIX A: EFFECTIVE ENERGY-LEVEL
STRUCTURE OBTAINED BY TWO-PHOTON
PROCESS

The single-photon transitions shown in Fig. 1 are carried
out in a genuine atomic system by a series of two-photon
processes, as detailed in Fig. 10. For the actualization
of the laser-driven three-level atomic system shown in
Fig. 1(bl), a o *-polarized 780-nm laser beam of Rabi fre-
quency 2, may be exploited to couple the |0) <> |p;) =
[SP3)2, ' = 3, mp = 3) transition with a red detuning Ay,
whereas a o ~-polarized 480-nm laser beam with a Rabi
frequency €2, is tuned A; to the blue of the |p;) < |r)
transition. The mechanism described above enables the
resonant transition between states |0) and |r). Similarly,
the dispersive coupling between states |1) and |r) neces-
sitates the use of two extra laser fields, where |1) <
|p2) = |5P3, F = 2,mp = 2) transition is driven by a

80Sy,, |m; = 1/2)

————

Y
o Mm nm ¢~
480 nm aﬁ“ \\ Q]
Q, !'[Qa _ﬂ ’
A——IP1) F =
5P3/2 )1_3_4_.
MY P2 F =
— 10 F=2
5512
1) F=1

FIG. 10. Relevant levels of 8’Rb for realizing the effective
single-photon transitions of Fig. 1 with a series of two-photon
excitations.

ot-polarized 780-nm laser beam with a Rabi frequency
Q, and a red detuning A;, while |p;) <> |r) transition
is achieved via another ¢ ~-polarized 480-nm laser beam
with a Rabi frequency 2, blue detuned by A; + A. After
adiabatically eliminating the intermediate state |p;()) in
the limit of large detuning 2, < {A;, A; + A} and
neglecting the ac Stark shifts, we can obtain the effective
laser-atom interaction Hamiltonian as

Q,Q 2A1 + A)Q?
10y + A1 E A

2adlh AL A% 1y (16D 4 Hee.,
4A, SAL(A 1 o) e T He

(AT)

eff
Hyy =

To realize the laser-driven two-level atomic system
depicted in Fig. 1(c1), we need only to introduce an addi-
tional o ~-polarized 480-nm laser beam of Rabi frequency
Q, that is tuned A; + A to the blue of the |p;) < |r)
transition to induce the off-resonant transition from state
|0) to state |r), on the basis of retaining the resonant
|0) <> |r) transition. In the large-detuning regime 2, <
{A1, A1 + A}, we have

|0) (r|e"" + H.c.
(A2)

Q.Q 2A + A)Q?
HE === b0y 4+ ZALT A
4A, 8A (A + A)

The corresponding relationship between the effective cou-
pling strengths of Eqgs. (Al) and (A2) and the Rabi
frequencies used in the text reads

Qait A% | D 2 Dy
8AI(AL+A) 27 4A, T 27
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Fixing A; =5A =27 x 1000 MHz, Q, =27 x 93.42
MHz, and 2, = 27 x 0.856 MHz enables us to obtain
the desired parameters 2; = 27 x 4 MHz, Q, =27 X
0.04 MHz, and A =27 x 200 MHz. It is worthwhile to
note that the driving mode may be readily extended to other
kinds required by the coherent pump operations during the
quantum state interconversion.

APPENDIX B: THE MECHANISM OF THE
ENTANGLED PUMP AND SELECTIVE
EXCITATION INTERPRETED BY QUANTUM
ZENO DYNAMICS

In the interaction picture, the entangled pump Hamilto-
nian of the system in Fig. 1(b1) is given by

23 Q1 _iar £2
H([,l) = —2 e |I"j>(1j| + D |V]><Oj| +HC
j=I1

+ ) Unlry) (| @ 1) (.
j<k

(BD

Here, we choose the quantized z axis perpendicular to
the two-dimensional plane of the Rydberg atom array,
so that the influence of the phases caused by the laser
wave vectors can be ignored. We use the formula i Ug U +
UbH 1 Uo with Uy = exp{—it Y-, _; Uplr} (17| @ 1) (rl}
to move to a rotating frame and obtain the transformed
Hamiltonian as

Hp1y = Hg, + Hg, + Hp, (B2)
where we assume U,, = A and each term of Eq. (B2) is
represented by

3

4 1 0 1 0
Hg, = Z 701? P T PP +Pabi
j:1

+P}, P/, +Hc, (B3a)

3

Q2 0,50 po 0 pl 1 po
Ho, =) 5% FrnPip+ PP +Piabi,
j=1

1Pl +He, (B3b)

3
Q
_ —iAt __rl  p0 0 0 1
Hp = Z e Vo (PP, + PP,

Q.
1 0 1 1 | |
+Pj+1Pj+2 +Pf+lpj+2) 4+ > ezAto_jr Pjr+1Pjr+2

Q) .
n _261At0jr0(p]r+1pj0+2 +P . . P!

> 1P+ PP

JH1E 42

L

1 22 0

+ PPl + €Yo P Pl + Hee,
(B3c)

with P¢ = |a;){a;| (here P{_y = P{ forj > 3) and o/ =
la;)(b;| being the projection operator and the transition
operator of jth atom, respectively. The contribution of
Eq. (B3c) is reduced to the Stark shifts of the atomic energy
levels under the condition that the detuning A is sub-
stantially larger than the coupling strength €2, (€2;), which
may be counteracted by introducing additional fields and
auxiliary energy levels.

The remaining parts may be rewritten as H(/bl) =
Q,/2(KHgq, + Hg,), where K = Q,/Q; and Hg, (Hg,)
becomes the dimensionless interaction Hamiltonian
between classical fields and atoms. In the limit of K —
00(£2] > 2,), it can be shown that the unitary operator is
regulated by Uy, (1) ~ exp[—iQ0/2(3", Ke,Put + H.1)],
where P, is the eigenprojection of Hg, belonging to the
eigenvalue &,, and H. = ) P, Hq, P, is referred to as the
Zeno Hamiltonian [112—117]. The Hamiltonian of the sys-
tem may further be reduced to Hgpy = Q2/2PyHe,Po =
PoHgq, Py if the subspace of interest is in the projec-
tion operator with eigenvalue 0. Therefore, the effective
Hamiltonian of Eq. (B1) is obtained as

3Q 3Q
fz 21Do)(000] — %(I%) S ENUA

Q
- Tz(leﬁol) +1¥3) — WD (W5l + He.  (B4)

Hgpo =

For the interaction model illustrated in Fig. 1(cl), the
Hamiltonian in the interaction picture is given by

3
Q —iAt 2

H(cl) = 76 IrJ)(OJI + 7|7"j><0j| + H.c.

Jj=1

+ Y Unelry) 7] @ 1) (1l
j<k

(B3)

By using a similar process for derivation from Egs.
(B1)«B3), i.e., rotating the Hamiltonian first, then remov-
ing the Stark shifts, finally separating the remaining reso-
nant interaction into strong coupling

3

’ S21 0 0 1 0
Hg = Z 701' (PP + PPy + PPy

j=1

+ P/ \Py,) +He, (B6)

and weak coupling

3
' 22 0,00 po 0 pl I
Hg, = Z 29 BB+ Pl + PPy,

j=1

+ P}, P, +He, (B7)
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the effective Hamiltonian of Eq. (B5) under the condition
U, = A > Q) > Q) is obtained as

Hsgo = PyHg, P,

= %(Irll><011| + [171)(101] 4 |117)(110]) + H.c.,
(B8)

where 77(/) is the eigenprojection of Hg/21 belonging to the
eigenvalue 0.

The entangled pump and selective excitation consti-
tute the coherent and incoherent operations necessary for
the dissipative interconversion between the GHZ and W
states. To check the accuracy of the preceding deriva-
tion, we utilize the full Hamiltonians of Eqs. (B1) and
(B5) (solid lines) to simulate the dynamic evolution pro-
cess of an initial state pg = 0.19]111)(111| 4 0.05|W})
(Wol +0.11[Wo) (Wo| 4 0.23|W5) (W] 4+ 0.15]000) (000] +
0.27]011)(011] in Fig. 11 (the states in parentheses can
be used to replace the component of the mixed state in
the density operator, but the evolution remains unchanged)
and compare these results to the effective Hamiltonians of
Egs. (B4) and (B8) (scattered points), respectively. It can
be seen that within a given range of parameters A/Q; =
50 and €2/ <2, = 100, the effective Hamiltonians properly
describe the evolution characteristics of the system, i.e., for
the laser-atom interaction models shown in Fig. 1, EPO can
ensure the stability of the state |W;) = (]100) + |010) +
|001))/+/3, but SEO can drive only a system with one atom
in state |0).

APPENDIX C: THE ENGINEERED
SPONTANEOUS EMISSION

The schematic diagram of the engineered spontaneous
emission is demonstrated in Fig. 12. For the realization of
the dissipation channel CD, we use a o ~-polarized 480-nm
laser with a Rabi frequency 2,4, to couple the transition
between the Rydberg state |r) and the intermediate state
|p1), which can decay only into the ground state |0) at
rate y; >~ 27 x 6.06 MHz owing to the transition selec-
tion rule. The evolution of the density matrix p for a single
atom is described by the Lindblad master equation

p = —i[Hg,, p]1 + »1D[|0)(p1l]p,

where Hy = Qg,/2|r)(p1] +H.c. In the limit of large
decay rate y; > Qq,, the short-lived state |p;) can be adi-
abatically eliminated and the engineered decay rate I'} =
Qﬁl /y1 can be obtained. Therefore, Eq. (C1) is rewriteable
as

(ChH

p =T1D[0){r[]p, (C2)

which can be solved analytically. For an atom that ini-
tially in the state |r), the probability of ever finding it in

—0—1000)
—— [Wo) —0—|Wy)

(a) 0.4 T T T T
|Wg) —o—|111)
l 011) (110), 101>>j

0.3

Populations

(b) 0.4 T T T
l —0—|000) |[W§) —o—|111)
2 0.3 ——|Wo) —0— W) 011) (|110), [101))
2 O~~~ 0000005500
= F-0-0-0-0-0-0A-0-0-0-0-0O"
5 0.1 O VA i S o
Q—i 1
0.0} 1
0 2 4 6 8 10
Oot
FIG. 11. (a) The populations as functions of €2,¢ under

the full Hamiltonian, Eq. (B1) (solid lines), and the effective
Hamiltonian, Eq. (B4) (scattered points), for the case of EPO. (b)
The populations as functions of €2, under the full Hamiltonian,
Eq. (BS), and the effective Hamiltonian, Eq. (BS), for the case of
SEO. For the two situations described above, the initial state is set
to be po = 0.19[111){(111] + 0.05|W,){(W,| 4+ 0.11|Wo)(Wo| +
0.23|Wg) (W51 4 0.15]000)(000] + 0.27]011)¢011], and other
parameters are selected as A/ = 50 and €,/ 2, = 100.

the ground state |0) is

poo(®) =1 —e 1. (C3)

To achieve the dissipation channel UCD, we employ a -
polarized 474-nm laser of Rabi frequency g4, to couple
the same Rydberg state |r) to a short-lived state |p;) =
ISP12, F =2, mp = 2) (decay rate y, >~ 2w x 5.75 MHz),
which decays into ground states |0), |1), and a noncom-
putational basis state |a) = |58/, F =2,mp = 1) with
probabilities 1/3, 1/2, and 1/6, respectively.

To recycle the population of the noncomputational basis
state |a), a o T-polarized 780-nm laser of Rabi frequency
Q4, is introduced to pump atom to the state [ps) =
|5SP3)2, ' = 3, mp = 2) (decay rate y3 = y1), and the prob-
abilities of spontaneous emission of this state to states |o)
and |0) are 2/3 and 1/3, respectively. In this case, the

014014-13



X. Q. SHAO et al.

PHYS. REV. APPLIED 20, 014014 (2023)

CD 805y, |my = 1/2)
= UCD
Qg2
|py) = |pP1)F = 3
5P3); (/
|p2) F=2
5Py V3 [p3) F=2
Y1
Q43 Y2
///J \

| A) e — —

/551/2 |a) |0) F =
—_——|1) F=1

mF=1 mF:Z mpgp =
/

FIG. 12. Schematic diagram of the engineered spontaneous
emission. The rapid decay of atoms can be realized by choosing
different paths. For the dissipation channel CD, a resonant laser
(Rabi frequency £24,) is employed to couple the Rydberg state
|r) to a short-lived state |p;) (lifetime 1/y; ~ 26.26 ns), which
decays only into |0). For the dissipation channel UCD, a reso-
nant laser (Rabi frequency €24,) is used to couple the Rydberg
state |r) to another short-lived state |p3) = [SPy,, F =2,mp =
2) (lifetime 1/y, >~ 27.68 ns), which then decays into |0}, |1),
and |a) = 15812, F = 2,mp = 1) with probabilities 1/3, 1/2,
and 1/6, respectively. The noncomputational state |) caused by
spontaneous emission of |ps3) is coupled resonantly with a short-
lived state |ps) = |5P3)2, F = 3,mp = 2) (lifetime 1/y3 = 1/y1)
through another laser (Rabi frequency €24,) and then |P4) decays
into |a) and |0) with probabilities 2/3 and 1/3, respectively.

master equation of the model reads

p=—ilHap, p1+ Y D DU (pasillp,

k=23 1=0,1,

(C4)

where Hy, = Qg,/2|r)(p3] + R4, /2]a){ps| + H.c., and the
branching ratio of decay rates y, = 12/3, v, = 12/2,
vs =12/6, v3 = v3/3, v3 =0, and y{ =2y3/3. Simi-
larly, the short-lived states |p3) and |ps) can be adiabat-
ically eliminated in the limit of large decay rate y; >
Qg4 (i = 2,3), then Eq. (C4) can be rewritten as

p= Y TyDUN(Ie + 5Dl (llp,  (CS)

1=0,1,a

where the branching ratio of the engineered decay rates
Y =T",/3,T1=T1,/2,T=T,/6,T=T3/3,T}=0,
and 'Y = 2T"3/3 with I'; = ©2,/y;. We can directly obtain
the temporal evolution of the total populations of the

0 3 6 9 12 15
1.0 ' SRR EHEEEEEH(). )
(4.6,0.99) —poo + P11
0.8 "7 Poo 10.2
---- P11
-‘ hU
0.6 4 1043
o P \Y el Tte-ell_ L a
< |4 TTTTTTTTTTEEEES )
0.4} a 10.6 g
0.2 10.8
An (9.75,0.99)
00([9 ‘AAAAAAA AAAA, A 10
0 2 4 6 8
I'it
FIG. 13. The performance of the dissipation channels CD and

UCD via the method of engineered spontaneous emission. The
solid lines and scatter points represent values obtained from the
full master equation and the effective master equation, respec-
tively. The initial state is chosen as |r) and other parameters
Qq4./vi = 0.2 (i = 1,2,3). For the UCD, the system can be stabi-
lized in the mixed state of |0) and |1) with equal probabilities.

computational states |0) and |1)

I I3t
(F =),

) H=1—e Tt - =
Poo (D) +p11(5) e 6T, — 2T,
(Co)

from the initial condition p(0) = |r)(r|. In Fig. 13, we
compare the full process (solid lines) with the effective
process (scattered points) under the parameters Qg,/y; =
0.2 i=1,2,3) and I'; = I'yy3/y,. It is discovered that
withjustt; = 4.6/ 'y @3 pusand r, = 9.75/ T, >~ 6.7 s,
respectively, the probability of atomic radiation to the
ground states may approach 99% for the dissipative pro-
cess CD and UCD, and then the evolution of the system
Eq. (C5) can be equivalently replaced by

r r
b= —2D[10)(r]p + 72D[|1><r|]p~

5 ()

APPENDIX D: THE FLUCTUATIONS OF
OPTICAL FREQUENCY OF THE RESONANT
DRIVING FIELD

In the Rydberg-atom system experiments, the typical
sources of noise also include fluctuations in the laser opti-
cal frequency and Rabi frequency. In Sec. IV B, the effects
of variations in interatomic spacing and timing errors dur-
ing the coherent operations are discussed in detail. These
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two effects also reflect, respectively, the optical frequency
fluctuations of the strong driving field €2, and the Rabi
frequency fluctuations of the weak driving field €2,.

The variations in interatomic spacing will lead to U,,. #
A in realistic situations. In addition to the variations in
interatomic distance, this effect can be attributed to the
optical frequency fluctuations of the strong driving field.
In each coherent operation, the timing errors may lead to
the pulse area féi+& Q,dt, which can be reformulated as

V(0 + 8)dt with [ $Qdt = [} Qudt, thus the influ-
ence of the fluctuations of the Rabi frequency can be
equivalently reflected as the errors in the time selection, as
we claim before. It should be noted that we do not need to
simultaneously consider the Rabi frequency fluctuations of
two laser fields (£2; and 2,) because our scheme requires
only 2, < ;. Consequently, the additional noise that we
need to consider should be the fluctuations of the optical
frequency of the weak laser field €2,.

Here we introduce a detuning parameter §, which
describes the discrepancy between the optical frequency of
the weak laser field and the associated transition frequency
of the atom. In Fig. 14, we explore the impact of opti-
cal frequency fluctuations of the resonant driving field €2,
on the dissipative quantum state interconversion. Whether
8 is positive (red detuned) or negative (blue detuned)

Rectangular-pulse scheme
0t = +27 x 30 kHz

Gaussian-pulse scheme
— § =27 x 30 kHz

1.0 1.0
/

. ¥ ¥
a2 038 (0.7150,0.9657) % 0.8 (0.6805,0.9846)
£0.6 £0.6
= =
2.04 204
o o
0.2 0.2

0.0 N =27 0.0 N =20

0.00 0.22 0.44 0.66 0.88 1.10 0.00 0.15 0.300.45 0.60 0.75

Time (ms) Time (ms)
1.0 1.0 e
(b) (d) ="

» 0.8 » 0.8 v
£ (0.9734,0.9335) £ #(0.9301,0.9737)
= 0.6 Z0.6F ¢
= = g
204 204 fJ
o o
0.2 B 02lf

0.0 N =237 0.0 J N =23

00 04 08 1.2 1.6 2.0 0.0020406081.01.2
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FIG. 14. The influence of the optical frequency fluctuations of
the resonant driving field €2, on the dissipative interconversion
between GHZ and W states. (a),(b) represent the conversion from
GHZ state to W state and its reverse process, respectively, using a
rectangular pulse. (c),(d) illustrate the corresponding conversions
using a Gaussian pulse.

27 x 30 kHz, the effect on the quantum state intercon-
version scheme is negative, and the populations of target
states are inferior to that of the resonant driving (as indi-
cated by the solid purple circles for the red-detuning laser).
Fortunately, we can increase the number of cycles to fur-
ther boost the scheme’s performance. For the population
of the final target state to be close to 99%, the number of
cycles for executing the GHZ-to-W state conversion and
its reverse process using the rectangular pulse must be
increased to 27 and 37, respectively, whereas the Gaussian
pulse-based scheme needs only to increase the number of
cycles to 20 and 23, respectively. These findings suggest
that the dissipative quantum state interconversion scheme
is preferable to the unitary dynamics-based scheme. In
addition, it demonstrates that time-dependent modulation
can bring more optimized results to our scheme.
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