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‘We propose to create and stabilize long-lived macroscopic quantum superposition states in atomic
ensembles. We show that using a fully quantum parametric amplifier can cause the simultaneous
decay of two atoms, and in turn create stabilized atomic Schrédinger cat states. Remarkably, even
with modest parameters these atomic cat states can have an extremely long lifetime, up to four
orders of magnitude longer than that of intracavity photonic cat states under the same parameter
conditions, reaching tens of milliseconds. This lifetime of atomic cat states is ultimately limited to
several seconds by extremely weak spin relaxation and thermal noise. Our work opens up a new way
towards the long-standing goal of engineering large-size and long-lived cat states, with immediate
interests both in fundamental studies and noise-immune quantum information processing.

Introduction.—Schrédinger cat states, i.e., quantum
superpositions of two macroscopically distinct states,
are appealing not only for fundamental studies of
quantum mechanics [1, 2], but also for wide applications,
ranging from quantum information processing [3] to
quantum metrology [4, 5]. The ability to reliably
create and then stabilize cat states is therefore highly
desirable. So far, a large number of approaches that
have been proposed for the generation of cat states
rely on unitary gate operations [6-20]. However, it
remains a challenge for these unitary approaches to
obtain stabilized cat states (and, especially, large-size
ones) in a noisy environment. To overcome this obstacle,
quantum reservoir engineering [21, 22] could provide a
counterintuitive route. Two-photon loss has already
been engineered to stabilize photonic cat states [23—
26]. Such a nonlinear loss can protect these cat states
against photon dephasing [27, 28], but unfortunately not
against single-photon loss, which is unavoidable and can
randomly change the cat state parity. Thus, the cat state
lifetime is still significantly limited. For example, single-
photon loss has been considered to be the major source
of noise in fault-tolerant quantum computation based on
cat states [3, 28-33].

Ensembles of atoms or spins have negligible spin
relaxation, and instead their major source of noise is
spin dephasing. This motivates us to engineer the
stmultaneous decay of two atoms of an ensemble (here
denoted as two-atom decay), and then use it to stabilize
atomic cat states. Such cat states could have a very
long lifetime since the two-atom decay can protect
them against spin dephasing, in close analogy to the
mechanism of using two-photon loss to suppress photon
dephasing.

To implement the two-atom decay, we here propose to

use fully quantum degenerate parametric amplification
(DPA), and demonstrate that stabilized atomic cat states
of large size (i.e., containing at least four excited atoms
on average) can be generated in an ensemble of atoms
off-resonantly coupled to the signal mode of DPA. More
importantly, the lifetime of our atomic cat states can
be made longer, by up to four orders of magnitude,
than that of common intracavity photonic cat states (see
Table Iin [34]), i.e., equal superpositions of two opposite-
phase coherent states. To ensure a fair comparison, these
photonic cat states need to have the same size as our
atomic cat states and also suffer from single-photon loss
of the same rate as given for the signal mode. With
a modest cavity decay time (~ 16 us), our cat state
lifetime can reach ~ 20 ms. This is comparable to
17 ms [35], which is the longest lifetime of intracavity
photonic cat states to date, but which was achieved with
an extreme cavity decay time (~ 0.13 sec). As the cavity
decay time increases, our cat state lifetime can further
increase and ultimately is limited to a maximum value
determined by spin relaxation and thermal noise. For
a typical spin relaxation time ~ 40 sec [36, 37], we can
predict a maximum cat state lifetime of ~ 3 sec.

Physical model.—The central idea is illustrated in
Fig. 1(a). To consider DPA in the fully quantum regime,
our system, inspired by recent experimental advances [3,
38-41], contains two parametrically coupled cavities: one
as a pump cavity with frequency w, and the other as
a signal cavity with frequency ws. We assume that the
pump cavity is subject to a coherent drive with amplitude
Q and frequency wg. The intercavity parametric coupling
J stimulates the conversion between pump single photons
and pairs of signal photons. Furthermore, an ensemble of
N identical two-level atoms is placed in the signal cavity,
and the atomic transition, of frequency wy, is driven by a
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FIG. 1. (a) Schematic setup of our proposal. The pump and signal cavities are coupled via a parametric coupling J, and the
atomic ensemble is coupled to the signal cavity with a single-atom coupling g. The pump cavity is subject to a coherent drive
with amplitude 2 and frequency wq. Here, wy, ws are the resonance frequencies of the pump and signal cavities, Ky, ks are their
respective single-photon loss rates, and wq is the atomic transition frequency. (b, ¢) Quantum Monte-Carlo trajectory pictured
through the probabilities of the system being in the states |m,0)|n). Initially, only two atoms in the ensemble are excited.
Here, we assumed that x, = 0.2x and ks = Q = 0. (d) Time evolution of the preparation error 7 for a cat size |a|2 = 1. Here,
we assumed that k, = 5x, ks = 0.3kp, and that the ensemble is initialized in the ground state |0), the single-excitation state
[1), and a spin coherent state |09, 0) with v/N tan (6o/2) = 1 for the states |C+), |C—), and pSs, respectively. In (b)-(d), we
assumed that N = 100, J = 3gco1, and both cavities are initialized in the vacuum.

coupling g to the signal photon. When 2w, ~ w, < 2w,
a pair of excited atoms can jointly emit a pump photon.
The subsequent loss of the pump photon gives rise to the
two-atom decay, which in turn stabilizes large-size cat
states for an extremely long time in the ensemble.

The system Hamiltonian in a frame rotating at wy is

H = Z (51-@3@1- + 045, +J (apaz2 + a;ag)

1=p,s

+g (asS+ + alS_) +Q (ap + a;;) , (1)

where a,, as are the annihilation operators for the pump
and signal modes, Sy = S; £1iSy, 0p = wp — wa, 05 =
ws — wg/2, and §; = wy — wgq/2. The collective spin
operators are S, = %E;Vﬂ of, with 0§ (o = z,y, 2) the
Pauli matrices for the jth atom. The Lindblad dissipator,
L (0) p=opo’ — 2oTop — Lpoto, describes the dissipative
dynamics determined by

p=—i [Hv p] + Z kil (az) P, (2)

i=p,s

where £, and ks are the photon loss rates of the pump
and signal modes. Spin dephasing, spin relaxation, and
thermal noise are discussed below.

We assume that 2w, ~ w, = wg, and the detuning
A = ws —wy > {geot, J}. Here, geol = V' Ng represents
the collective coupling of the ensemble to the signal
mode. Then, we can predict a parametric coupling,
X = gfolJ/AQ, between atom pairs and pump single
photons. Accordingly, the Hamiltonian H, after time
averaging [42, 43], becomes

X

Huw = 5 (0,52 4 a82) 4+ Qa1 a)) . @)

which describes a third-order process. The stronger
second-order process has been eliminated with an
appropriate detuning between w, and 2w, (see [34]).
To derive H,,s, we have considered the low-excitation
regime, where the average number of excited atoms is
much smaller than the total number of atoms. We
note that other approaches [44, 45] can also obtain a
Hamiltonian similar in form to H,y,. Such approaches,
however, rely on a longitudinal coupling which cannot
be collectively enhanced, and in those cases [44, 45|, the
coupling x becomes extremely weak in typical ensembles.

We now adiabatically eliminate the pump mode a,,
yielding an effective master equation

pens = —1 [HeHSa pens]
Riat K2at 2
+ N L (S,) Pens + N2 L (Sf) Pens; (4)

where Hens = 1X2at (S% - Si) /N, and pens represents
the reduced density matrix of the ensemble. Here,
Koat = 4x%/kp and xoar = 2§x/k, are the rates of
the simultaneous decay and excitation of two atoms,
respectively. Moreover, Kins = (gCO]/A)2 ks is the rate
of the single-atom decay induced by single-photon loss
of the signal cavity (see [34]), and we can tune it to be
< FKoat, as long as ks < (geor/A)? /kp.

To gain more insights into the engineered two-atom
decay, we turn to the quantum Monte Carlo method [46].
In Figs. 1(b, c¢) we plot a single quantum trajectory with
the Hamiltonian H and an initial state |00)|2) (see [34]
for more cases). Here, the first ket |mpms) (m,, ms =
0,1,2,...) in the pair refers to the cavity state with m,
pump photons and mg signal photons, and the second
[n) (n = 0,1,2,...) refers to the collective spin state
|S = N/2,m, = —N/2+ n), corresponding to n excited
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FIG. 2. (a) Time evolution of the preparation error n of the states |C4), |C—), and pgss under the bosonic approximation for

different cat sizes |a|> = 2, 4, and 6. The initial states are chosen as in Fig. 1(d). (b) Wigner function at times ¢1, . .

., t5 shown

on top of panel (a) for the |a|> = 4 cat size. The first, second, and third rows correspond to the states |C+), |C—), and pg,
respectively. For all plots, we set J = 3gcol, 0p = J2/ (20gcol), Kp = 5X, and ks = 0.3k,.

atoms in the ensemble. The non-Hermitian Hamiltonian
Hng = H — %mpa;f,ap drives Rabi oscillations between
|00)]2) and |10)|0), as shown in Fig. 1(b). The Rabi
oscillations are then interrupted by a quantum jump a,.
We find from Fig. 1(c) that the jump leaves the system
in its ground state |00)|0), implying that single-photon
loss of the pump mode causes the two-atom decay.
Stabilized manifold of atomic cat states.—When k1,4 =
0, the dynamics of the effective master equation in Eq. (4)
describes a pairwise exchange of atomic excitations
between the ensemble and its environment. Because
this exchange conserves the excitation number parity,
the ensemble state space can be decomposed into
even and odd subspaces, according to the eigenvalues
+1 of the parity operator P = exp(im Zjvzl le) ;(el)-
Here, |e) is the excited state of the atoms.  As
demonstrated in [34], the ensemble is driven to an even
cat state |C4) = A4 (10,0) 4+ |0,¢ + 7)) if initialized
in an even parity state, or to an odd cat state
IC_) = A_(|0,¢) —|0,¢ + 7)) if initialized in an odd
parity state. Here, |0,¢), where ¢ = 7/2 and 6 =
2arctan(|a| /v/N), refers to a spin coherent state, and
As = 1/{2[1 £ exp(—2|a|*)]}/2. Moreover, o = i/Q/x
is the coherent amplitude. The average number of excited
atoms, |a|?, of the states |Ci) characterizes the cat
size [35]. When assuming the initial state to be a spin
coherent state |0p, ¢o), the steady state of the ensemble is
confined into a quantum manifold spanned by the states
{1C+),1C_)}, and is expressed as g5, = 44 [C4)Cy | +
c[CNC| +eq—[Co)(C-|+ci _|C-){(Ci|, where ey =
11 + exp(—2 la|?)] with ag = /N exp (igy) tan (69 /2),
¢—_ =1—cq4,and c;_ is given in [34]. To confirm these
predictions, we numerically integrate [47, 48] the master
equation in Eq. (2) to simulate the time evolution of the

preparation error n = 1 — F in Fig. 1(d). Here, F is the
fidelity between the actual and ideal states. It is seen
that, as expected, the ensemble states are steered into a
stabilized 2D cat-state manifold with a high fidelity.

Bosonic approximation and cat-state lifetime.— In the
low-excitation regime considered above, the collective
spin in fact behaves as a quantum harmonic oscillator.
This allows us to map S_ to a bosonic operator b,
ie., S. ~ V/Nb, and thus to investigate cat states
of large size (Ja| > 2) in large ensembles. The spin
coherent state |0, ¢) accordingly becomes a bosonic
coherent state |a), such that the states |Ci) become
IC+) = As (o) +|—«)). With the master equation
in Eq. (2) and under the bosonic approximation, we
plot the time evolution of the preparation error 7n in
Fig. 2(a), and the Wigner function W (5) for different
times in Fig. 2(b). We find that a cat state of size
la|? = 4 is obtained after time ¢ ~ 250/geo1, or more
specifically, ¢t ~ 4 us, for a typical collective coupling
strength geo1/2m = 10 MHz [36, 49-52].

So far, we have assumed a model where there is
no spin dephasing. However, there will always be
some spin dephasing, described by a Lindblad dissipator
v4L (b'b) p, with a rate 74 > 0. Before discussing spin
dephasing, let us first consider the rate « of convergence,
i.e., how rapidly the steady cat states can be reached.
To determine the rate 7, we introduce the Liouvillian
spectral gap, A = |Re[)\{]|, of the effective master
equation in Eq. (4) for k1ot = 0. Here, A\ is the
Liouvillian eigenvalue with the smallest modulus of the
real part. Since the gap A determines the slowest
relaxation of the Liouvillian [53], we thus conclude that
v > A. In the inset of Fig. 3(a), we numerically calculate
the gap A, and find A ~ |a|? Koat for |af? > 4.



Below we show that spin dephasing, which conserves
the parity operator P, can be strongly suppressed by
the two-atom decay, as long as the rate of convergence
is much larger than the spin dephasing rate (i.e., v >
Ydeph, O || Kgay > Vdeph due to v > A). This is
like in the cases of photonic cat states stabilized by
two-photon loss [27, 28]. The dissipative suppression
can be understood from the quantum jump approach.
The jump operator b'b, when acting, e.g., on the state
IC+), excites a state |¢) = Ai[D(a)— D (—a)]|l),
according to b1b|C,) = |a)® |C1) 4 alt). Here, D(+a) =
exp[a(bl + b)] are displacement operators. However,
the state [¢) still has even parity, and thus can be
autonomously driven back to the state |Cy) by the
two-atom decay. Figure 3(a) shows the dependence of
such a dissipative suppression on the ratio Kgat/Ydeph-
We find that for k2. = 1074epn, corresponding to an
ensemble coherence time of 'yd*ei)h ~ 27 ps, the steady
state |C4) is achieved with an error n ~ 0.06, implying
a significant suppression of spin dephasing. There is a
similar suppression mechanism for the action of b'b on
the state |C_). Furthermore, if the ensemble is initialized
in a spin coherent state, the decay rate of the coherence
between the states |Ci) scales as ~ Yaepn exp(—2]|al?),
and is suppressed exponentially with the cat size |a|2.
Hence, the 2D cat-state manifold stabilized by the two-
atom decay is robust against spin dephasing.

Let us now consider the cat state lifetime 7.
According to the above discussions, the effects of spin
dephasing on 7,¢ can be excluded. This lifetime is thus
determined by the decay rate I'yay = 2 |a|* K1at, such that

AN2 1
Tat=F;;t=( ) )

Geol 2|Oé|2;‘€s.

Note that intracavity photonic cat states, i.e., equal
superpositions of two opposite-phase coherent states,
rapidly decohere into statistical mixtures due to single-
photon loss. The lifetime of such photonic cat states is
thus given by 7, = 1/2|af® ks [54]. Here, for a fair
comparison, we have assumed the same cat size |a|2 as
our atomic cat states, and the same single-photon loss
rate ks as given for the signal cavity. It is seen that
Tat 18 longer by a factor of (A/ gcol)Q, compared to Tph.
To make T, /Tpn larger, it is essential to increase A/geol-
However, the rate kaay, which needs to be > vgepn as
mentioned already, decreases as A/gco increases. Thus,
the ratio A/gco1 has a lower bound for a given 7Ygeph.
Experimentally, the coherence time, 'y(;lph, of NV-spin
ensembles has reached ~ 1 ms with spin-echo pulse
sequences [55], and if dynamical-decoupling techniques
are employed, it can be even close to 1 sec [56]. In
Fig. 3(b), the ratio kaat/Vdepn for different vqepn, as well
as the ratio 7,y /7pn, is plotted versus A/geo1. Assuming
a realistic parameter of V&Lh = 1 ms, we find from
Fig. 3(b) that in stark contrast to previous work on

1 T T T T T T T T
‘ 20 T n
AY ;E E —
~
= Lt < t ] _
0F i
S —EC 0 |a)? 20 —
] — ‘\\\ ...... K2at/ Ydeph = 1 —

K2at /’Ydepln 7-at/Tph

1 2
10 A/ geol 10

FIG. 3. (a) Effects of spin dephasing on the preparation
error 7 of the state |Cy) of size |a|> = 4. We integrated the
master equation in Eq. (2), with an additional spin dephasing
'ydephﬁ(bTb)p. We set ks = 0, so that only the effects of
spin dephasing are shown. Inset: the Liouvillian spectral
gap, A, of the master equation in Eq. (4) versus the cat
size \oz|2 for K1at = 0. Here, the bosonic approximation is
made for all plots. (b) Ratio k2at/~Vdepn versus the parameter
A/gear for 'yd_elph = 10 ps, 100 us, and 1 ms for x, = by
and J/2m = 30 MHz. The yellow shaded area represents
the K2at > 10Y4eph regime, where spin dephasing is strongly
suppressed by the two-atom decay. The solid green line shows
Tat/Tph versus A/geor. Other parameters in (a) and (b) are
set to be the same as in Fig. 2.

intracavity photonic cat states (see Table I in [34]), our
approach can lead to an increase in the cat state lifetime
of up to four orders of magnitude for ko,¢ ~ 1574epn and
a large cat size of |04|2 > 4. Correspondingly, for a typical
single-photon loss rate of ks/2m = 10 kHz (i.e., a cavity
decay time ~ 16 us) [38], the lifetime of the |a|® = 4 cat
states resulting from our approach is ~ 20 ms.

As the cavity loss rate ks decreases, the lifetime 7,
further increases and ultimately reaches its maximum
value limited by spin relaxation and thermal noise
(see [34] for more details). This maximum lifetime is
given by 7% = Tl . Here, Troax = [2]a>(1 +
2n4n) + 2140 Yrelax [D7] is the cat state decay rate arising
from spin relaxation with a rate yeax and thermal
noise with a thermal average boson number ny,. For
realistic parameters of Vyelax = 27 X 4 mHz [36, 37] and
T = 100 mK, we can predict a maximum lifetime of



max

2% ~ 3 sec, which is more than two orders of magnitude
longer than the longest lifetime, i.e., 17 ms, of intracavity
photonic cat states reported in Ref. [35].

Conclusions.—We have introduced a method to create
and stabilize large-size, long-lived Schrédinger cat states
in atomic ensembles. This method is based on the use of
fully quantized DPA to engineer the simultaneous decay
of two atoms, i.e., the two-atom decay. The resulting
atomic cat states can last an extremely long time, because
of strongly suppressed spin dephasing, and of extremely
weak spin relaxation and thermal noise. We expect that
these atomic cat states can find wide applications in
fundamental investigations of quantum measurement and
decoherence, and various quantum technologies.

We thank Carlos Sanchez Munoz and Fabrizio Min-
ganti for their valuable discussions. A.M. is supported
by the Polish National Science Centre (NCN) under the
Maestro Grant No. DEC-2019/34/A/ST2/00081. F.N.
is supported in part by: NTT Research, Army Research
Office (ARO) (Grant No. W9I11NF-18-1-0358), Japan
Science and Technology Agency (JST) (via the Q-LEAP
program, and the CREST Grant No. JPMJCR1676),
Japan Society for the Promotion of Science (JSPS) (via
the KAKENHI Grant No. JP20H00134 and the JSPS-
RFBR Grant No. JPJSBP120194828), the Asian Office
of Aerospace Research and Development (AOARD), and
the Foundational Questions Institute Fund (FQXi) via
Grant No. FQXi-TIAF19-06.

[1] W.H. Zurek, “Decoherence, einselection, and the
quantum origins of the classical,” Rev. Mod. Phys. 75,
715 (2003).

[2] S. Haroche, “Nobel lecture: Controlling photons in a box
and exploring the quantum to classical boundary,” Rev.
Mod. Phys. 85, 1083-1102 (2013).

[3] R. Lescanne, M. Villiers, T. Peronnin, A. Sarlette,
M. Delbecq, B. Huard, T. Kontos, M. Mirrahimi, and
Z. Leghtas, “Exponential suppression of bit-flips in a
qubit encoded in an oscillator,” Nat. Phys. 16, 509
(2020).

[4] M. Kira, S. W. Koch, R. P. Smith, A. E. Hunter, and
S. T. Cundiff, “Quantum spectroscopy with Schrédinger-
cat states,” Nat. Phys. 7, 799-804 (2011).

[5] L. Pezze, A. Smerzi, M. K. Oberthaler, R. Schmied,
and P. Treutlein, “Quantum metrology with nonclassical
states of atomic ensembles,” Rev. Mod. Phys. 90, 035005
(2018).

[6] G. S. Agarwal, R. R. Puri, and R. P. Singh, “Atomic
Schrodinger cat states,” Phys. Rev. A 56, 2249-2254
(1997).

[7] C. A. Sackett, D. Kielpinski, B. E. King, C. Langer,
V. Meyer, C. J. Myatt, M. Rowe, Q. A. Turchette, W. M.
Itano, D. J. Wineland, and C. Monroe, “Experimental
entanglement of four particles,” Nature (London) 404,
256-259 (2000).

[8] D. Leibfried, E. Knill, S. Seidelin, J. Britton, R. B.

[9

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

20]

(21]

Blakestad, J. Chiaverini, D. B Hume, W. M. Itano,
J. D. Jost, C. Langer, R. Ozeri, R. Reichle, and D. J.
Wineland, “Creation of a six-atom ‘Schrédinger cat’
state,” Nature (London) 438, 639 (2005).

A. Ourjoumtsev, R. Tualle-Brouri, J. Laurat, and
P. Grangier, “Generating optical Schrodinger kittens for
quantum information processing,” Science 312, 83-86
(2006).

A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and
P. Grangier, “Generation of optical ‘Schrédinger cats’
from photon number states,” Nature (London) 448, 784
(2007).

B. Vlastakis, G. Kirchmair, Z. Leghtas, S. E. Nigg,
L. Frunzio, S. M. Girvin, M. Mirrahimi, M. H. Devoret,
and R. J. Schoelkopf, “Deterministically encoding
quantum information using 100-photon Schrédinger cat
states,” Science 342, 607-610 (2013).

T. Monz, P. Schindler, J. T. Barreiro, M. Chwalla,
D. Nigg, W. A. Coish, M. Harlander, W. Hénsel,
M. Hennrich, and R. Blatt, “14-Qubit Entanglement:
Creation and Coherence,” Phys. Rev. Lett. 106, 130506
(2011).

H. W. Lau, Z. Dutton, T. Wang, and C. Simon,
“Proposal for the Creation and Optical Detection of Spin
Cat states in Bose-Einstein Condensates,” Phys. Rev.
Lett. 113, 090401 (2014).

J. Etesse, M. Bouillard, B. Kanseri, and R. Tualle-
Brouri, “Experimental Generation of Squeezed Cat
States with an Operation Allowing Iterative Growth,”
Phys. Rev. Lett. 114, 193602 (2015).

C. E. Bradley, J. Randall, M. H. Abobeih, R. C.
Berrevoets, M. J. Degen, M. A. Bakker, M. Markham,
D. J. Twitchen, and T. H. Taminiau, “A Ten-Qubit
Solid-State Spin Register with Quantum Memory up to
One Minute,” Phys. Rev. X 9, 031045 (2019).

Y. Lu, S. Zhang, K. Zhang, W. Chen, Y. Shen, J. Zhang,
J.-N. Zhang, and K. Kim, “Global entangling gates on
arbitrary ion qubits,” Nature (London) 572, 363-367
(2019).

C. Figgatt, A. Ostrander, N. M. Linke, K. A. Landsman,
D. Zhu, D. Maslov, and C. Monroe, “Parallel entangling
operations on a universal ion-trap quantum computer,”
Nature (London) 572, 368-372 (2019).

A. Omran, H. Levine, A. Keesling, G. Semeghini,
T. T. Wang, S. Ebadi, H. Bernien, A. S. Zibrov,
H. Pichler, S. Choi, J. Cui, M. Rossignolo, P. Rembold,
S. Montangero, T. Calarco, M. Endres, M. Greiner,
V. Vuletié, and M. D. Lukin, “Generation and
manipulation of Schrédinger cat states in Rydberg atom
arrays,” Science 365, 570 (2019).

C. Song, K. Xu, H. Li, Y.-R. Zhang, X. Zhang, W. Liu,
Q. Guo, Z. Wang, W. Ren, J. Hao, H. Feng, H. Fan,
D. Zheng, D.-W. Wang, H. Wang, and S.-Y. Zhu,
“Generation of multicomponent atomic Schrédinger cat
states of up to 20 qubits,” Science 365, 574 (2019).

K. X. Wei, I. Lauer, S. Srinivasan, N. Sundaresan,
D. T. McClure, D. Toyli, D. C. McKay, J. M.
Gambetta, and S. Sheldon, “Verifying multipartite en-
tangled Greenberger-Horne-Zeilinger states via multiple
quantum coherences,” Phys. Rev. A 101, 032343 (2020).
S. Diehl, A. Micheli, A. Kantian, B. Kraus, H. P. Biichler,
and P. Zoller, “Quantum states and phases in driven open
quantum systems with cold atoms,” Nat. Phys. 4, 878~
883 (2008).


http://dx.doi.org/ 10.1103/RevModPhys.75.715
http://dx.doi.org/ 10.1103/RevModPhys.75.715
http://dx.doi.org/10.1103/RevModPhys.85.1083
http://dx.doi.org/10.1103/RevModPhys.85.1083
https://doi.org/10.1038/s41567-020-0824-x
https://doi.org/10.1038/s41567-020-0824-x
https://doi.org/10.1038/nphys2091
https://link.aps.org/doi/10.1103/RevModPhys.90.035005
https://link.aps.org/doi/10.1103/RevModPhys.90.035005
http://dx.doi.org/10.1103/PhysRevA.56.2249
http://dx.doi.org/10.1103/PhysRevA.56.2249
https://doi.org/10.1038/35005011
https://doi.org/10.1038/35005011
https://doi.org/10.1038/nature04251
https://science.sciencemag.org/content/312/5770/83
https://science.sciencemag.org/content/312/5770/83
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://science.sciencemag.org/content/342/6158/607
http://dx.doi.org/ 10.1103/PhysRevLett.106.130506
http://dx.doi.org/ 10.1103/PhysRevLett.106.130506
http://dx.doi.org/10.1103/PhysRevLett.113.090401
http://dx.doi.org/10.1103/PhysRevLett.113.090401
http://dx.doi.org/10.1103/PhysRevLett.114.193602
http://dx.doi.org/10.1103/PhysRevX.9.031045
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1427-5
https://science.sciencemag.org/content/365/6453/570
http://dx.doi.org/10.1126/science.aay0600
http://dx.doi.org/ 10.1103/PhysRevA.101.032343
https://doi.org/10.1038/nphys1073
https://doi.org/10.1038/nphys1073

[22] F. Verstraete, M. M. Wolf, and J. I. Cirac, “Quantum
computation and quantum-state engineering driven by
dissipation,” Nat. Phys. 5, 633 (2009).

[23] C. C. Gerry and E. E. Hach III, “Generation of even
and odd coherent states in a competitive two-photon
process,” Phys. Lett. A 174, 185 (1993).

[24] L. Gilles, B. M. Garraway, and P. L. Knight, “Generation
of nonclassical light by dissipative two-photon processes,”
Phys. Rev. A 49, 2785 (1994).

[25] R. I. Karasik, K.-P. Marzlin, B. C. Sanders, and K. B.
Whaley, “Criteria for dynamically stable decoherence-
free subspaces and incoherently generated coherences,”
Phys. Rev. A 77, 052301 (2008).

[26] M. J. Everitt, T. P. Spiller, G. J Milburn, R. D. Wilson,
and A. M. Zagoskin, “Engineering dissipative channels
for realizing Schrodinger cats in SQUIDs,” Front. ICT 1,
1 (2014).

[27] J. Cohen, Autonomous Quantum Error Correction with
Superconducting Qubits (Ph. D. thesis, PSL Research
University, 2017).

[28] M. Mirrahimi, Z. Leghtas, V. V. Albert, S. Touzard, R. J.
Schoelkopf, L. Jiang, and M. H. Devoret, “Dynamically
protected cat-qubits: a new paradigm for universal
quantum computation,” New J. Phys. 16, 045014 (2014).

[29] P. T. Cochrane, G. J. Milburn, and W. J. Muunro,
“Macroscopically distinct quantum-superposition states
as a bosonic code for amplitude damping,” Phys. Rev. A
59, 2631-2634 (1999).

[30] Z. Leghtas, G. Kirchmair, B. Vlastakis, R. J. Schoelkopf,
M. H. Devoret, and M. Mirrahimi, “Hardware-Efficient
Autonomous Quantum Memory Protection,” Phys. Rev.
Lett. 111, 120501 (2013).

[31] S. Puri, A. Grimm, P. Campagne-Ibarcq, A. Eickbusch,
K. Noh, G. Roberts, L. Jiang, M. Mirrahimi, M. H.
Devoret, and S. M. Girvin, “Stabilized Cat in a Driven
Nonlinear Cavity: A Fault-Tolerant Error Syndrome
Detector,” Phys. Rev. X 9, 041009 (2019).

[32] J. Guillaud and M. Mirrahimi, “Repetition Cat Qubits
for Fault-Tolerant Quantum Computation,” Phys. Rev.
X 9, 041053 (2019).

[33] A. Grimm, N. E. Frattini, S. Puri, S. O. Mundhada,
S. Touzard, M. Mirrahimi, S. M. Girvin, S. Shankar, and
M. H. Devoret, “Stabilization and operation of a Kerr-cat
qubit,” Nature (London) 584, 205 (2020).

[34] See Supplementary Material at http://xxx,
includes Ref. [58-63].

[35] S. Deleglise, I. Dotsenko, C. Sayrin, J. Bernu, M. Brune,
J.-M. Raimond, and S. Haroche, “Reconstruction of
non-classical cavity field states with snapshots of their
decoherence,” Nature (London) 455, 510-514 (2008).

[36] R. Amsiiss, Ch. Koller, T. Nobauer, S. Putz, S. Rotter,
K. Sandner, S. Schneider, M. Schrambock, G. Stein-
hauser, H. Ritsch, J. Schmiedmayer, and J. Majer,
“Cavity QED with Magnetically Coupled Collective Spin
States,” Phys. Rev. Lett. 107, 060502 (2011).

[37] C. Grezes, B. Julsgaard, Y. Kubo, M. Stern, T. Umeda,
J. Isoya, H. Sumiya, H. Abe, S. Onoda, T. Ohshima,
V. Jacques, J. Esteve, D. Vion, D. Esteve, K. Mglmer,
and P. Bertet, “Multimode Storage and Retrieval of
Microwave Fields in a Spin Ensemble,” Phys. Rev. X 4,
021049 (2014).

[38] Z. Leghtas, S. Touzard, I. M. Pop, A. Kou, B. Vlastakis,
A. Petrenko, K. M. Sliwa, A. Narla, S. Shankar, M. J.
Hatridge, M. Reagor, L. Frunzio, R. J. Schoelkopf,

which

M. Mirrahimi, and M. H. Devoret, “Confining the state
of light to a quantum manifold by engineered two-photon
loss,” Science 347, 853 (2015).

[39] S. Touzard, A. Grimm, Z. Leghtas, S. O. Mundhada,
P. Reinhold, C. Axline, M. Reagor, K. Chou, J. Blumoff,
K. M. Sliwa, S. Shankar, L. Frunzio, R. J. Schoelkopf,
M. Mirrahimi, and M. H. Devoret, “Coherent
Oscillations inside a Quantum Manifold Stabilized by
Dissipation,” Phys. Rev. X 8, 021005 (2018).

[40] C.W.S. Chang, C. Sabin, P. Forn-Diaz, F. Quijandria,
A. M. Vadiraj, I. Nsanzineza, G. Johansson, and C. M.
Wilson, “Observation of three-photon spontaneous para-
metric down-conversion in a superconducting parametric
cavity,” Phys. Rev. X 10, 011011 (2020).

[41] A. Vrajitoarea, Z. Huang, P. Groszkowski, J. Koch, and
A. A Houck, “Quantum control of an oscillator using a
stimulated Josephson nonlinearity,” Nat. Phys. 16, 211
(2020).

[42] O. Gamel and D. F. V. James, “Time-averaged quantum
dynamics and the validity of the effective Hamiltonian
model,” Phys. Rev. A 82, 052106 (2010).

[43] W. Shao, C. Wu, and X.-L. Feng, “Generalized James’
effective Hamiltonian method,” Phys. Rev. A 95, 032124
(2017).

[44] L. Garziano, V. Macr}, R. Stassi, O. Di Stefano, F. Nori,
and S. Savasta, “One photon can simultaneously excite
two or more atoms,” Phys. Rev. Lett. 117, 043601 (2016).

[45] V. Macri, F. Nori, S. Savasta, and D. Zueco, “Spin
squeezing by one-photon-two-atom excitation processes
in atomic ensembles,” Phys. Rev. A 101, 053818 (2020).

[46] M. O. Scully and M. S. Zubairy, Quantum Optics
(Cambridge University Press, Cambridge, 1997).

[47] J. R. Johansson, P. D. Nation, and F. Nori, “Qutip:
An open-source Python framework for the dynamics of
open quantum systems,” Comput. Phys. Commun. 183,
1760-1772 (2012).

[48] J. R. Johansson, P. D. Nation, and F. Nori, “Qutip
2: A Python framework for the dynamics of open
quantum systems,” Comput. Phys. Commun. 184, 1234—
1240 (2013).

[49] Y. Kubo, F. R. Ong, P. Bertet, D. Vion, V. Jacques,
D. Zheng, A. Dréau, J.-F. Roch, A. Auffeves, F. Jelezko,
J. Wrachtrup, M. F. Barthe, P. Bergonzo, and
D. Esteve, “Strong Coupling of a Spin Ensemble to
a Superconducting Resonator,” Phys. Rev. Lett. 105,
140502 (2010).

[50] Y. Kubo, I. Diniz, A. Dewes, V. Jacques, A. Dréau, J.-F.
Roch, A. Auffeves, D. Vion, D. Esteve, and P. Bertet,
“Storage and retrieval of a microwave field in a spin
ensemble,” Phys. Rev. A 85, 012333 (2012).

[61] S. Putz, D. O. Krimer, R. Amsuess, A. Valookaran,
T. Noebauer, J. Schmiedmayer, S. Rotter, and J. Majer,
“Protecting a spin ensemble against decoherence in the
strong-coupling regime of cavity QED,” Nat. Phys. 10,
720 (2014).

[62] T. Astner, S. Nevlacsil, N. Peterschofsky, A. Angerer,
S. Rotter, S. Putz, J. Schmiedmayer, and J. Majer,
“Coherent Coupling of Remote Spin Ensembles via a
Cavity Bus,” Phys. Rev. Lett. 118, 140502 (2017).

[63] F. Minganti, A. Biella, N. Bartolo, and C. Ciuti,
“Spectral theory of Liouvillians for dissipative phase
transitions,” Phys. Rev. A 98, 042118 (2018).

[64] S. Haroche and J.-M. Raimond, Ezploring the quantum:
atoms, cavities, and photons (Oxford Univ. press, New


https://doi.org/10.1038/nphys1342
https://doi.org/10.1016/0375-9601(93)90756-P
http://dx.doi.org/ 10.1103/PhysRevA.49.2785
http://dx.doi.org/10.1103/PhysRevA.77.052301
https://www.frontiersin.org/article/10.3389/fict.2014.00001
https://www.frontiersin.org/article/10.3389/fict.2014.00001
https://tel.archives-ouvertes.fr/tel-01545186/document
https://tel.archives-ouvertes.fr/tel-01545186/document
https://doi.org/10.1088%2F1367-2630%2F16%2F4%2F045014
http://dx.doi.org/10.1103/PhysRevA.59.2631
http://dx.doi.org/10.1103/PhysRevA.59.2631
http://dx.doi.org/10.1103/PhysRevLett.111.120501
http://dx.doi.org/10.1103/PhysRevLett.111.120501
http://dx.doi.org/10.1103/PhysRevX.9.041009
http://dx.doi.org/10.1103/PhysRevX.9.041053
http://dx.doi.org/10.1103/PhysRevX.9.041053
https://doi.org/10.1038/s41586-020-2587-z
https://doi.org/10.1038/nature07288
https://link.aps.org/doi/10.1103/PhysRevLett.107.060502
https://link.aps.org/doi/10.1103/PhysRevX.4.021049
https://link.aps.org/doi/10.1103/PhysRevX.4.021049
https://science.sciencemag.org/content/347/6224/853
http://dx.doi.org/ 10.1103/PhysRevX.8.021005
https://link.aps.org/doi/10.1103/PhysRevX.10.011011
https://doi.org/10.1038/s41567-019-0703-5
https://doi.org/10.1038/s41567-019-0703-5
https://link.aps.org/doi/10.1103/PhysRevA.82.052106
https://link.aps.org/doi/10.1103/PhysRevA.95.032124
https://link.aps.org/doi/10.1103/PhysRevA.95.032124
http://dx.doi.org/10.1103/PhysRevLett.117.043601
http://dx.doi.org/ 10.1103/PhysRevA.101.053818
http://www.sciencedirect.com/science/article/pii/S0010465512000835
http://www.sciencedirect.com/science/article/pii/S0010465512000835
http://www.sciencedirect.com/science/article/pii/S0010465512003955
http://www.sciencedirect.com/science/article/pii/S0010465512003955
https://link.aps.org/doi/10.1103/PhysRevLett.105.140502
https://link.aps.org/doi/10.1103/PhysRevLett.105.140502
http://dx.doi.org/ 10.1103/PhysRevA.85.012333
https://doi.org/10.1038/nphys3050
https://doi.org/10.1038/nphys3050
https://link.aps.org/doi/10.1103/PhysRevLett.118.140502
http://dx.doi.org/ 10.1103/PhysRevA.98.042118

[56]

[57]

(58]

[59]

[60]

[61]

(62]

(63]

York, 2006).

P. L. Stanwix, L. M. Pham, J. R. Maze, D. Le Sage, T. K.
Yeung, P. Cappellaro, P. R. Hemmer, A. Yacoby, M. D.
Lukin, and R. L. Walsworth, “Coherence of nitrogen-
vacancy electronic spin ensembles in diamond,” Phys.
Rev. B 82, 201201(R) (2010).

N. Bar-Gill, L. M. Pham, A. Jarmola, D. Budker, and
R. L. Walsworth, “Solid-state electronic spin coherence
time approaching one second,” Nat. Commun. 4, 1743
(2013).

M. S. Kim and V. Buzek, “Schrédinger-cat states at finite
temperature: Influence of a finite-temperature heat bath
on quantum interferences,” Phys. Rev. A 46, 42394251
(1992).

F. Reiter and A. S. Sgrensen, “Effective operator
formalism for open quantum systems,” Phys. Rev. A 85,
032111 (2012).

V. V. Albert and L. Jiang, “Symmetries and conserved
quantities in Lindblad master equations,” Phys. Rev. A
89, 022118 (2014).

M. Brune, E. Hagley, J. Dreyer, X. Maitre, A. Maali,
C. Wunderlich, J. M. Raimond, and S. Haroche,
“Observing the Progressive Decoherence of the “Meter”
in a Quantum Measurement,” Phys. Rev. Lett. 77, 4887—
4890 (1996).

Z. Wang, M. Pechal, E. A. Wollack, P. Arrangoiz-Arriola,
M. Gao, N. R. Lee, and A. H. Safavi-Naeini, “Quantum
Dynamics of a Few-Photon Parametric Oscillator,” Phys.
Rev. X 9, 021049 (2019).

F. Assemat, D. Grosso, A. Signoles, A. Facon,
I. Dotsenko, S. Haroche, J. M. Raimond, M. Brune, and
S. Gleyzes, “Quantum Rabi Oscillations in Coherent and
in Mesoscopic Cat Field States,” Phys. Rev. Lett. 123,
143605 (2019).

Y. Xu, Y. Ma, W. Cai, X. Mu, W. Dai, W. Wang, L. Hu,
X. Li, J. Han, H. Wang, Y. P. Song, Z.-B. Yang, S.-B.
Zheng, and L. Sun, “Demonstration of Controlled-Phase
Gates between T'wo Error-Correctable Photonic Qubits,”
Phys. Rev. Lett. 124, 120501 (2020).


https://link.aps.org/doi/10.1103/PhysRevB.82.201201
https://link.aps.org/doi/10.1103/PhysRevB.82.201201
http://dx.doi.org/10.1038/ncomms2771
http://dx.doi.org/10.1038/ncomms2771
http://dx.doi.org/10.1103/PhysRevA.46.4239
http://dx.doi.org/10.1103/PhysRevA.46.4239
http://link.aps.org/doi/10.1103/PhysRevA.85.032111
http://link.aps.org/doi/10.1103/PhysRevA.85.032111
http://dx.doi.org/ 10.1103/PhysRevA.89.022118
http://dx.doi.org/ 10.1103/PhysRevA.89.022118
http://dx.doi.org/10.1103/PhysRevLett.77.4887
http://dx.doi.org/10.1103/PhysRevLett.77.4887
http://dx.doi.org/10.1103/PhysRevX.9.021049
http://dx.doi.org/10.1103/PhysRevX.9.021049
http://dx.doi.org/10.1103/PhysRevLett.123.143605
http://dx.doi.org/10.1103/PhysRevLett.123.143605
http://dx.doi.org/10.1103/PhysRevLett.124.120501

SUPPLEMENTAL MATERIAL

Here, we first compare the lifetimes of our atomic cat states and common intracavity photonic cat states.
In Sec. S2, we present how to eliminate the second-order effect and as a result to make the desired third-
order effect dominant. In Sec. S3, we derive the single-atom decay induced by single-photon loss of the
signal cavity. In Sec. S4, we show quantum Monte-Carlo trajectories of the ensemble-cavity system. Then
Sec. S5 gives the detailed derivation of atomic cat states stabilized by the two-atom decay. Finally, in
Sec. S6, we discuss the effects of spin relaxation and thermal noise on the cat state lifetime, and also show
the maximum cat state lifetime limited by them.

S1. Comparison of the lifetimes of our atomic cat states and intracavity photonic cat states

The cat state lifetime can be defined as the inverse cat state decoherence rate. Sec. S6 shows how to derive the
cat state decoherence rate and then obtain the cat state lifetime. In this section, let us first compare the lifetime of
intracavity atomic cat states resulting from our approach with that of common intracavity photonic cat states, under
some realistic parameters. Our atomic cat states refer to superpositions of two spin coherent states, i.e.,

ICx) = A+ (10,0) + 10,0 + ), (S1)

Here, Ay = 1/{2[1 + exp(—2]al*)]}'/2, and the state |0,¢), where ¢ = 7/2 and 0 = 2arctan(Ja| /v/N), is the
spin coherent state that is obtained by rotating the ground state of the ensemble by an angle # about the axis
(sin ¢, — cos ¢, 0) of the collective Bloch sphere. For a large ensemble, we can apply the bosonic approximation,
which maps the collective spin of the ensemble to a quantum harmonic oscillator. Under this approximation, the

spin coherent states |0, ¢) and |0, ¢ + 7) become bosonic coherent states |a) and | — «), respectively, with coherent
amplitudes £a. The atomic cat states in Eq. (S1) likewise become
ICx) = Az (|o) £ [ = @)). (52)

Furthermore, the intracavity photonic cat states refer to

Cbon = As (Jad £ =y ) (53)

where | + ) ) are the photonic coherent states with coherent amplitudes £a. It is seen, from Eqgs. (S2) and (S3),

that |o¢|2 is the average number of excited atoms or photons and, thus, can characterize the cat size.
In Table I, we list some parameters of intracavity photonic cat states ‘Ci>ph implemented in experiments. For
comparison, we also show the corresponding results of our atomic cat states |C+) at the end of the table. With

TABLE I. Some relevant parameters of experimentally implemented intracavity photonic cat states |Ci>ph- Here, |O¢\2
characterizes the cat size, T¢ is the cavity photon lifetime, ks = 1/T, is the cavity photon loss rate, Texp is the cat state lifetime
measured in experiments, and Tineor = 1/(2]a® ks) is the theoretical prediction of the cat state lifetime. For comparison, we

also list at the end of the table the corresponding theoretical predictions for our atomic cat states |C+).

Ref. approach type lof? Te (ps) ks/2m (kHz) Texp (118) Teheor (148)
[S1] unitary evolution 3.0 1.3 x 10° 1.2 x 1073 1.7 x 10* 2.2 x 10*
[S2] reservoir engineering 5.8 3.0 53.0 0.2 0.26
[S3] unitary evolution 28 22.1 7.2 — 0.4
[S4] reservoir engineering 24 20 8.0 — 4.1
[S5] reservoir engineering 5 92 1.7 8 9.2
[S6] unitary evolution 3.3 160 1.0 38.4 35
[S7] unitary evolution 1.4 0.14 1.1 x 10? — 5.3 x 1072
[S§] unitary evolution 11.3 8.1 x 10° 2.0 x 1072 200 360
[S9] unitary evolution 2 692 0.2 — 173
L 16 10 — 2 x 10*
our results reservoir engineering 4 = — =
5.3 x 10 3.0 x 10 — 2x10




modest parameters the lifetime of our atomic cat states is predicted to be longer, by up to four orders of magnitude,
compared to those photonic cat states under the same parameter conditions. For a modest single-photon loss rate of
ks/2m = 10 kHz (i.e., a cavity decay time of T, ~ 16 us), the lifetime of our atomic cat states can reach ~ 20 ms for
a cat size of |04|2 = 4. This lifetime is comparable in length to that (~ 17 ms) reported in Ref. [S1] in Table I, which,
to our best knowledge, is the longest lifetime of intracavity photonic cat states to date. We stress that in such a
comparison our cat state lifetime is achieved with a modest cavity decay time of T, ~ 16 pus. This is in stark contrast
to the cat state lifetime reported in Ref. [S1], which was achieved with an extreme cavity decay time of T, = 0.13 sec.
This means that our approach can stabilize (for an extremely long time) large-size cat states, even with common
setups.

When decreasing the single-photon loss rate kg, i.e., increasing the cavity decay time 7., our atomic cat state
lifetime can further increase. For example, a single-photon loss rate rs/2m = 3.0 x 1072 kHz, corresponding to a
cavity decay time T, ~ 5.3 ms, results in a cat state lifetime of ~ 2 sec, more than two orders of magnitude longer
than the lifetime, i.e., 17 ms, reported in Ref. [S1] in Table I. Ultimately, the maximum value of our cat state lifetime
is determined by extremely weak spin relaxation and thermal noise, reaching ~ 3 sec.

The essential reason for such an improvement in the cat state lifetime is because, as shown in Fig. S1, single
excitation loss of ensembles (i.e., spin relaxation) is extremely weak compared to that of cavities (i.e., single-photon
loss). At the same time, spin dephasing, though stronger than photon dephasing, is greatly suppressed by the
engineered two-atom decay. This is in close analogy to the mechanism of using two-photon loss to suppress photon

dephasing.
two
excitation loss

lifetime ~ 10 s ~ 0.1 sec

A
intracavity "\ <= (excitation l0ss] ““sa. “intracavity
photonic cat atomic cat

“" dephasing “V(

0' ‘Q

* R

thermal noise

FIG. S1. Comparison of the effects of noise on intracavity photonic cat stats and our atomic cat states. Solid arrows represent
the strong effects, and dashed arrows represent the extremely weak or strongly suppressible effects. While the lifetime of
photonic cat states is ~ 10 us, our atomic cat states can have a ~ 0.1 sec lifetime.

S2. Elimination of the second-order effect

The time-averaged Hamiltonian H,y, in Eq. (3) in the main article describes a third-order process, and there exists
a stronger second-order process, which is described by the Hamiltonian

2

2
g J
H® = -X (2aiasSz +545-) — N (Za}:ap —alalasa, + 4a;apaias) , (S4)

where A’ = 2wy — w,,. In order to make the third-order H,,s dominant, we need to eliminate the second-order H @),
Since the signal cavity is initialized in the vacuum state, the Hamiltonian H® is thus reduced to

2 2
g 2J
H(z) = —KS+57 - yal’)ap. (85)
We further focus our attention on the low-excitation regime, where the average number of excited atoms is much
smaller than the total number of atoms. In this regime, the operator S, can be expressed as S, = —N/2+ 45, where
0S, is a small fluctuation. As a result, we find
S4+S_ ~ NJS,, (S6)
according to the identity N (N/2+1) /2= 82— S, + 5.5_, and then obtain

2 2
gso 2J
H®) = —Zclgg — ——qla,. (ST7)



It is seen that the second-order process causes a Lamb shift (i.e., the first term), and a dispersive resonance shift for
the pump cavity (i.e., the second term). These additional shifts can be compensated by properly detuning the pump
cavity resonance wy, from twice the atomic resonance w,. Hence, the second-order process can be strongly suppressed,
such that the third-order process becomes dominant.

S3. Single-atom decay induced by single-photon loss of the signal cavity

Since the signal cavity is largely detuned from both the ensemble and the pump cavity, the average number of
photons inside the signal cavity is thus very low. In this case, we can only consider the vacuum state |0) and the
single-photon state |1) of the signal cavity. We work within the limit where 65 ~ A > {d,,d4, geol, J}, and the
Hamiltonian in Eq. (1) in the main article can thus be rewritten as H = H, + H, + V + V1. Here,

H, =6,]1)(1, (S8)
Hy = 6pala, +6,5. +Q (ap +af), (S9)

represents the interactions inside the excited- and ground-state subspaces, and
V = gS_[1)(0] (S10)

describes the perturbative interaction between the excited- and ground-state subspaces. Then, according to the
formalism of Ref. [S10], we can define a non-Hermitian Hamiltonian Hgy = He — ik5]1)(1]/2, and obtain an effective
Lindblad dissipator for the ensemble

_ K1la
Rl (10, (1] (HSa) ™ V] pens = S (S-) prs (s11)
where
2 2
_ KsGcol ~ Jeol
mon= g~ (a) s12)

This means that the single-photon loss process of the signal cavity gives rise to the single-atom decay of the ensemble.
Importantly, the resulting decay rate k1,4 is smaller than the cavity decay rate xs by a factor of (geo1/ A)z. Thus, our
atomic cat states have an extremely long lifetime.

S4. Quantum Monte-Carlo trajectory for the initial states |00)|3) and |00)|4)

The dynamics described by the time-averaged H,ye in Eq. (3) of the main article implies that pairs of atoms can
jointly convert their excitations into pump single photons, and then the subsequent single-photon loss process of the
pump cavity results in the simultaneous decay of two atoms, i.e., the two-atom decay.

In Fig. S2, we plot single quantum trajectories, utilizing the quantum Monte Carlo method, for the initial states
|00)|3) and |00)|4). Here, the first ket |mpms) (my,ms = 0,1,2,...) in the pair refers to the cavity state with
my, pump photons and m, signal photons, and the second |n) (n = 0,1,2,...) refers to the collective spin state
|S = N/2,m, = —N/2+ n), corresponding to n excited atoms in the ensemble.

For the former case, where initially the ensemble has three excited atoms, we find from Figs. S2(a, b) that two
excited atoms, as a pair, decay via a single-photon loss process of the DPA pump (corresponding to a quantum jump),
and one excited atom is kept in the ensemble because alone it cannot emit a single photon. If there are initially four
excited atoms as shown in Figs. S2(c, d), all excited atoms, as two pairs, can decay sequentially via two single-photon
loss processes of the DPA pump (corresponding to two quantum jumps).

S5. Stabilized atomic cat states by the two-atom decay

In this section we show a detailed derivation of atomic cat states stabilized by the engineered two-atom decay. We
begin with the effective master equation given in Eq. (4) of the main text

. . Riat R2at
pens =1 [penm Hens] + N E (S,) pens + N2 'C (S%) pensv (813)
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FIG. S2. Quantum Monte-Carlo trajectory pictured through the probabilities of the system being in the states |m,0)|n) for
the initial states (a, b) |00)|3) and (c, d) |00)|4). A single quantum jump a, gives rise to the two-atom decay in the ensemble.
In all plots, we used the full Hamiltonian H in Eq. (1) in the main article, and set N = 100, J = 3gcol, 6p = J>/20gco1, and
kp = 0.2x. In order to show more clearly the quantum jump responsible for the two-atom decay, we further set ks = 2 = 0.

Here,
Heps = %X%t (82 —52), (S14)
X2at = 2,?:(, (S15)
Kias = (921)21-@8, (S16)
K2at = 4;? (517)

To proceed, we assume that k1,4 = 0, such that the single-atom decay induced by the signal cavity is subtracted.
Then, we obtain in the steady state

(S2 — Na?) |D)(D|S? — S% (S* — Na?) |D)(D| + H.c. = 0, (S18)

where |D) is the dark state of the ensemble, and

o = i\/2X2a1/K2at = i/ Q/X. (S19)
This indicates that the dark state | D) satisfies

(S2 — Na?) |D) = 0. (S20)



We now express | D), in terms of the eigenstates |S = N/2,m, = —N/2 + n) of the collective spin operator 5., as

D) = caln), (S21)

n

where, for simplicity, we have defined |n) = |S = N/2,m, = —N/2+n). Here, n refers to the number of excited
atoms in the ensemble. The condition in Eq. (S20) gives two recursion relations as follows

ETL

Conik = ————Cp,
e et k)

where k = 0,1. Here, we have worked within the low-excitation regime, in which (S,) ~ —N/2, such that the main
contributions to the dark state |D) are from these components with n < N.

The recursion relation in Eq. (S22) reveals that, when the ensemble is initially in a collective spin state |n) with an
even n, e.g., in the ground state |0) (i.e., a spin coherent state with all atoms in the ground state), the dark state |D)
can be expressed as,

(S22)

2n
—|2n). (523)

1
D) =
D \/cosh | ; v (2n)!

Similarly, when the ensemble is initially in a collective spin state |n) with an odd n, e.g., in the first excited state |1)
(i.e., a state with only one atom is excited), the dark state | D) becomes

1 2n+l
D), = \/Sinh - ; N eTEm] |2n + 1). (S24)
On the other hand, the spin coherent state |0, ¢) is defined as
10,¢) = Rk (0,9)]0). (525)
Here,
R(0,¢) = exp (rSy)exp [In (1 + |7]?) S.] exp (—7*5_), (S26)

is a rotation operator with 7 = exp (i¢) tan (6/2). In the low-excitation limit, S7[0) ~ v/n!N"|n), and then
(V)
|

0.6) =~ exp (- [7f* /2) 30 2=

n

ny. (S27)

By setting VN7 = «, we further have
|D>e,o = A:I: (|07¢> = |07 ¢ + 7T>) = |C:t>7 (828)

where Ay = 1/{2[1 + exp(—2|a|?)]}*/2. This is what we have already given in Eq. (S1).
We now consider the case when the atomic ensemble is initialized in a spin coherent state |6y, ¢o). In this case, the
atomic ensemble evolves into a subspace spanned by the cat states {|C),|C_)} and, thus, its steady state is

Pons = C++1C)(Co| + e [C){C| 4+ e [Co)(C-| + i _|C)(Cy]. (529)

To obtain the amplitudes ¢y, c—_, and c¢;_, we follow the method in Refs. [S11, S12], and after straightforward
calculations, find that

Cyy :% [1 + exp (—2 \a0|2)] , (S30)
c._=1—cyy = % {1 — exp (72 |a0|2)] ) (S31)
og |o] exp (— |oz0|2

o =-— ) / dply (|o® — af exp (i2¢) |) exp (—ig) , (832)
2sinh (2 |a|2) 0




where ag = V/N exp (i¢o) tan (6 /2), and I, (+) is the modified Bessel function of the first kind.

The above results show that the ensemble states are steered into a 2D quantum manifold spanned by the cat states
|C+) and |C_). In typical atomic ensembles, spin relaxation is extremely weak, such that the dominant noise source
is spin dephasing. However, the engineered two-atom decay can protect the cat states of the quantum manifold
against spin dephasing. As a result, these cat states have a very long lifetime even with modest parameters, and thus,
can be used for fundamental studies of quantum physics. Moreover, this atomic-cat-state manifold stabilized by the
two-atom decay could also be used to encode logical qubits (i.e., cat qubits) for fault-tolerant quantum computation,
as an alternative to the photonic-cat-state manifold stabilized by two-photon loss [S12].

S6. Spin relaxation, thermal noise, and the maximum cat state lifetime

In the main article, we discussed the effects of spin dephasing, and also showed that it can be strongly suppressed
by the engineered two-atom decay. In this section, let us consider the effects of spin relaxation and thermal noise,
and also the maximum cat state lifetime limited by them. Here, we proceed with the bosonic approximation. Such an
approximation maps the spin coherent states |0, ¢) and |0, ¢ 4+ ) to the bosonic coherent states | + «), respectively.
Correspondingly, the cat states |Cy) = Ay (|0, ¢) £ |0, ¢ + 7)) become |Cy) = Ay (|a) £ | — «)), as given in Eq. (S2).

Spin relaxation and thermal noise can be described by the Lindblad dissipators, ~relax(nen + 1)L (b) p and
YrelaxTth £ (bT) p. Here, Vielax is the spin relaxation rate, and ng = [exp (Aw,/kpT) — 1]71 is the thermal average
boson number at temperature 1. The decay rate of the cat state coherence, which is induced by single-photon loss of
the signal cavity, is given by

Tiae = 2 |of® Kiag, (S33)

with K1at = (geol/A)? ks as given in Eq. (S12). At the same time, for a thermal background at T # 0, an additional
decay rate of the cat state coherence, which is induced by spin relaxation and thermal noise, is given by [S13]

Frclax = |:2 |C¥|2 (1 + 27/Lth) + 27/Lth Vrelax- (834)

By assuming realistic parameters w, = 27 x 3 GHz, T' = 100 mK, |0¢|2 =4, and Yrelax = 27 X 4 mHz [S14, S15], we
have [ielax & 27 X 54 mHz, much smaller the decay rate, I'154 ~ 27 X 8.0 Hz, which is obtained with ks = 27 x 10 kHz
and A/geo = 100. This means that the effects of both spin relaxation and thermal noise on the cat states |C1) can
be safely neglected. In this case, the lifetime of these cat states is determined only by the single-atom decay rate k1.4,

and is given by
AN 1
Tat = F_l = — —_—. S35
o tat (gcol> 2|Oé|2 Rg ( )

On the other hand, the intracavity photonic cat states ‘C:t>ph in Eq. (S3) mainly suffer from single-photon loss, e.g,
with a rate ks, and thus their lifetime is given by [S16],

(S36)

1
Toh = — 5 -
P 2 |a)? ks

It is found from Eqs. (S35) and (S36) that 7, is longer than 7oy, by a factor of (A/geo1)?, ie.,

T“_<A>2. (S37)

Tph Yeol

According to the analysis in the main article, the factor (A/ gcol)2 can be tuned to be ~ 10* under modest parameters.
This indicates that the lifetime of our atomic cat states is longer than that of intracavity photonic cat states by up to
four orders of magnitude for cat sizes of \04|2 > 4.

In fact, the decoherence rate I'1,; can be further decreased with the smaller single-photon loss rate kg (i.e., the
longer T,.). This results in a longer cat state lifetime. When I'1,¢ is comparable to or even smaller than T'yejayx, the
lifetime 7, is given by

Tat = (Flat + Frelax)i1 . (838)



For a single-photon loss rate of k; /27 = 30 Hz, we have I'1,; = 27 x 24 mH, which is smaller than I'yejax ~ 27 X 54 mHz.
In this case, Eq. (S38) gives a cat state lifetime of 7,4 ~ 2 sec. Ultimately, when decreasing the rate s, the lifetime
Tyt Increases to its maximum value,

max __ p—1
Tat - I‘rclax'

(S39)

Using the parameters given above, we can predict a maximum lifetime of 7.7** ~ 3 sec.
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